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Abstract

Conservation breeding programs (CBPs) are considered essential for the recovery of threatened
species. However, due in part to poor nutritional conditions experienced by individuals in
captivity, CBPs often report poor success. In response, there has been a push to investigate how
supplementation of captive diets with micronutrients may improve the success of CBPs. Dietary
carotenoids in particular, are one group of micronutrients expected to improve the viability of
captive individuals. This is largely owing to their antioxidant capacity, which allows them to
limit the harmful effects of reactive oxygen species (ROS). However, the effectiveness of
dietary carotenoids in improving fitness-determining traits remains strongly debated. One
reason for this may be that previous studies have generally failed to consider the importance of
the carotenoid class and/or dose administered, and how effects of dietary carotenoids vary
depending on either life-stage, or physiological context. As such, the general aim of this thesis
was to investigate the effect of dietary carotenoids on the growth, development, and exercise
performance of the critically endangered southern corroboree frog (Pseudophryne corroboree).
My specific aims were twofold. First, I aimed to investigate the effect of carotenoid class and
dose on the growth and development (chapter two) and escape-response performance (chapter
three) of larval P. corroboree. Second, I aimed to investigate the effect of carotenoid
supplementation on the exercise performance (activity and/or escape-response) of P. corroboree
during the larval life-stage (chapter three), and during the adult life-stage under two different
physiological contexts; (1) hibernation (chapter four) and (2) exercise training (chapter five).
Chapter two investigated the effect of two doses of dietary β-carotene and lutein (representing
two carotenoid classes) on the growth and development of P. corroboree larvae. While lutein
had no effect on larval growth and development, high-doses of β-carotene expedited the
development of individuals, independent of any growth effects. Because individuals are likely to
experience high levels of ROS during developmental escape-response, in chapter three I
investigated the effect of two doses of dietary β-carotene and lutein on the escape-response of
larval P. corroboree at two development points (early versus late larval development). There
was no effect of carotenoid supplementation on escape-response at either developmental point,
contrary to the findings of a previous study in adult P. corroboree, which found a significant
effect of carotenoid supplementation on escape-response. This difference indicates that the
effect of carotenoids on escape-response may be life-stage dependent. Chapter four investigated
the effect of carotenoid supplementation on the post-hibernation exercise performance of adult
P. corroboree following arousal (24-48 h post-arousal) and recovery from hibernation (six
weeks post-arousal). While hibernation is essential for survival in many species, arousal from
i

hibernation can cause significant oxidative stress that has the potential to hinder long-term
recovery and performance. Unexpectedly, I found that carotenoid supplementation had no effect
on exercise performance after initial arousal from hibernation. However, carotenoid
supplementation significantly affected exercise performance following recovery from
hibernation. The effect of dietary carotenoids on exercise performance may also differ when
exercise is repeated regularly (training). Endogenous antioxidants, upregulated during exercise
training, may match or exceed the benefits of exogenous dietary supplementation on escaperesponse behaviour. Chapter five investigated the effects of dietary carotenoids and repeated
exercise training on the escape-response performance of adult P. corroboree. While carotenoids
initially improved escape-response, following five weeks of training the performance of both
unsupplemented and carotenoid-supplemented frogs was statistically similar. Overall, the results
of my thesis demonstrate the complex and dynamic influence that dietary carotenoids have on
fitness-determining traits in P. corroboree. From a conservation perspective, these findings are
expected to assist with the recovery of P. corroboree by improving the viability of individuals
in captivity, and upon release. More broadly, my thesis draws attention to the critical role
nutrition is likely to play in the success of amphibian CBPs, and the management of threatened
species globally.
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General Introduction:
The effect of carotenoid supplementation on the growth,
development, and exercise performance of vertebrate species,
and their importance for amphibian conservation
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1.1 Conservation breeding programs: The importance of nutritional conditions for
individual performance
Conservation breeding programs (hereafter CBPs) aim to actively manage threatened species ex
situ, in addition to providing viable individuals for reintroduction in situ (Conde et al., 2013,
Tapley et al., 2015). Globally, CBPs have been established for a number of threatened species,
however, these programs often report low to moderate success due to difficulties associated with
producing large numbers of healthy and viable individuals (Dolman et al., 2015, Tapley et al.,
2015). Long-term housing of animals in captivity comes with a suite of challenges, one of
which is provisioning appropriate nutritional conditions (Pough, 2007, Dugas et al., 2013, Ferrie
et al., 2014). Due to time and cost effectiveness, captive diets are often nutritionally poor and
uniform, and do not support the viability of individuals (Ogilvy et al., 2012, Gattiker et al.,
2014, Finke, 2015). Poor nutritional conditions experienced in captivity can have detrimental
effects that lead to disease, decreased life expectancy, and a decrease in captive population size
(Ogilvy et al., 2012, Gattiker et al., 2014, Finke, 2015). In order to address this problem, there
has been an emerging focus on manipulating the diet and nutrition of captive individuals, with
the aim of improving individual fitness and population viability (Thangaraj and Lipton, 2008, Li
et al., 2009, Ogilvy et al., 2012, Dugas et al., 2013, Byrne and Silla, 2017). In particular,
micronutrient compounds have gained research attention due to their potential ability to improve
a suite of fitness-determining traits (Svensson and Wong, 2011). Carotenoids are one example
of a micronutrient compound that is known to influence fitness-determining traits that directly
impact viability (Vershinin, 1999, Blount, 2004, Svensson and Wong, 2011, Ogilvy et al., 2012,
Dugas et al., 2013, Silla et al., 2016, Umbers et al., 2016). While some studies have highlighted
the benefits of carotenoids to fitness-determining traits, the importance of carotenoids to overall
viability remains widely debated due to the equivocal nature of findings. One potential reason
for inconsistencies is that previous studies have almost completely failed to consider the
importance of the carotenoid class and dose administered (but see Chatzifotis et al., 2005, Wang
et al., 2006, Szuroczki et al., 2016, Keogh et al., 2018, Mohr et al., 2019). Moreover, most
studies have ignored the possibility that the effect of dietary carotenoids may change with lifestage, and under different physiological contexts. Arguably, some of the most important traits
related to captive success are the growth and development, and behavioural performance of
captive individuals. Expediting the growth and development of captive population stands to
increase the number of viable individuals available for captive breeding and release and is
expected to allow individuals to reach optimal size before release. Furthermore, optimising
behavioural performance of captive individuals is important for CBPs aiming to maintain
natural behaviours and improve performance and survival in captivity and upon release.
Therefore, it is crucial for studies to understand the effect of carotenoid supplementation on the
aforementioned traits in captive individuals while also considering the importance of carotenoid
19

class and dose, and how the effects of carotenoids may change with life-stage, and under
different physiological contexts. Below, I will discuss the extent to which these factors have
been considered by past studies investigating the effect of dietary carotenoids on fitnessdetermining traits. In so doing, I will also review our current understanding of how carotenoid
supplementation affects growth and development, and exercise performance of vertebrate
species.
1.2 What are carotenoids?
Carotenoids are a group of over 750 fat soluble hydrocarbon compounds synthesised by
photosynthetic plants, algae, and cyanobacteria and some non-photosynthetic organisms
(including archaea, bacteria, fungi, and some arthropods) (Olson and Krinsky, 1995, Svensson
and Wong, 2011, Rodriguez-Concepcion et al., 2018). Carotenoids are divided into two main
classes; 1) the carotenes, which are comprised of only carbon and hydrogen atoms, and 2) the
xanthophylls, which contain at least one oxygen atom (Stahl and Sies, 2005) (discussed further
in section 1.5). In plants, carotenoids are utilised during photosynthesis to harvest light, but also
cause the red, orange, and yellow colouration of plants due to the presence of chromophores
(Rodriguez-Concepcion et al., 2018). In most animals, carotenoids must be obtained through
the diet, as they cannot be synthesised de novo (Rodriguez-Concepcion et al., 2018).
Evolutionary biologists first became interested in the effects of carotenoids on animal
functioning over 35 years ago (Endler, 1983). The early work by Endler and Hill in guppies
(Endler, 1983) and house finches (Hill, 1990) highlighted how dietary carotenoids were
ubiquitous in animal signals (particularly male courtship displays), and demonstrated that the
display of carotenoid-mediated colouration in males is an honest signal of quality. Further to
this, it has more recently been shown that carotenoid pigments may be available to developing
offspring (e.g. to developing embryos) (McGraw et al., 2005). These studies paved the way for
biologists to begin exploring how dietary carotenoids might influence, and be essential to, other
physiological functions.
Leading on from this early work, it is now thought that carotenoids have several
properties that are important for physiological functioning in animals. Largely, the beneficial
effects of carotenoids are owed to their antioxidant capacity, which affords them the ability to
detoxify harmful reactive oxygen species (ROS) (Miller et al., 1996, Stahl and Sies, 2003,
Pérez‐Rodríguez, 2009). ROS are produced in the mitochondria during respiration, as well as in
other cellular locations that are less widely studied (e.g. the sarcoplasmic reticulum, transverse
tubules, sarcolemma, and cytosol) (Powers et al., 2011). When the production of ROS exceeds
the endogenous antioxidants systems capacity to detoxify and stabilise it, the result is oxidative
stress (Powers et al., 2004). Oxidative stress can cause irreversible damage to proteins, lipids,
and DNA, which ultimately reduces performance (Powers et al., 2004). When the endogenous
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antioxidant system fails to cope with the overproduction of ROS, supplementation with
exogenous antioxidants, such as carotenoids, can aid in detoxification by quenching unstable
oxygen molecules and reducing them to a stable state, thereby improving the performance of
bodily functions (Stahl and Sies, 2005).
In addition to the antioxidant capacity of carotenoids, some are also precursors to the
formation of vitamin A, and its derivatives retinol, and retinoic acid (Blomhoff and Blomhoff,
2006, Rodriguez-Concepcion et al., 2018). Provitamin A carotenoids, as they are known, have
many beneficial effects to fitness-determining traits, which will be discussed further in section
1.5. Carotenoids have also long been considered powerful anti-inflammatories that aid in
immune response (Chew and Park, 2004, Rodriguez-Concepcion et al., 2018). Carotenoids can
help stimulate the response of T and B lymphocytes which fight disease (Bendich and Olson,
1989, Lin et al., 2010) and induce phagocytosis of antigen presenting cells (Chew and Park,
2004). Dietary carotenoids may also be important for improving the general nutritional quality
of the diet. The addition of carotenoids to the diet may improve general health and
immunocompetence, which would allow more essential resources (such as carbohydrates, lipids,
and proteins) to be divided between essential processes (Ogilvy and Preziosi, 2012, Ogilvy et
al., 2012). Additionally, a higher quality diet may more readily meet the energy demands of
individuals, which, in turn, is expected to improve foraging efficiency (Weimerskirch et al.,
2003). Given the numerous functions of carotenoids, we might expect carotenoid
supplementation to both directly and indirectly effect fitness-determining traits. In the following
sections, the empirical evidence linking dietary carotenoids to growth, development, and
exercise performance will be discussed in detail. Further, the importance of carotenoid class and
dose, and the effect of life-stage and physiological context will be discussed.
1.3 Carotenoids and growth and development
Dietary carotenoids might influence growth and development in three main ways. First,
carotenoids are expected to act as antioxidants during periods of rapid growth and development
(Miller et al., 1996, Stahl and Sies, 2003, Stahl and Sies, 2005, Menon and Rozman, 2007).
Growth and development involve an increase in metabolic rate and oxygen consumption, which
is expected to increase the generation of ROS (although how this occurs in vivo is debated)
(Monaghan et al., 2009, Metcalfe and Alonso‐Alvarez, 2010, Selman et al., 2012). During rapid
growth and development dietary carotenoids may act to reduce oxidative stress, limiting damage
to cells and DNA (Miller et al., 1996, Stahl and Sies, 2003, Powers et al., 2004, Stahl and Sies,
2005, Menon and Rozman, 2007). Second, the availability of a carotenoid supplement might
improve the general nutritional quality of the diet and allow more resources to be partitioned
between various bodily functions (see section 1.2) (Ogilvy et al., 2012). Third, retinoic acid
(cleaved from provitamin A carotenoids) activates pleiotropic genes that controls protein
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production and impacts tissue, organ, and central nervous system (CNS) development, which
has direct effects on individual viability (Balmer and Blomhoff, 2002, Blomhoff and Blomhoff,
2006).
While several studies have investigated the influence of dietary carotenoids on growth
and development in birds (Cucco et al., 2006, Larcombe et al., 2010a, Benito et al., 2011, Butler
and McGraw, 2012, Orledge et al., 2012, Sutherland et al., 2012, Marri and Richner, 2014),
reptiles (McCartney et al., 2014), amphibians (Li et al., 2009, Ogilvy and Preziosi, 2012, Ogilvy
et al., 2012, Cothran et al., 2015, Szuroczki et al., 2016, Byrne and Silla, 2017, Keogh et al.,
2018), and fish (Torrissen, 1984, Christiansen et al., 1995, Chatzifotis et al., 2005, Kalinowski
et al., 2005,Wang et al., 2006, Chatzifotis et al., 2011, Güroy et al., 2012, Pham et al., 2014),
evidence for the effect of carotenoids on growth and development is mixed (see Appendix 1).
Of these studies, 35% found some positive effect of carotenoids on growth and/or development,
61% found no effect of carotenoids alone on growth and/or development, and 9% of studies
found a negative effect of carotenoids on growth and/or development (see Appendix 1).
Differences in the findings reported in these studies may be a result of species-specific
differences in the relative importance of carotenoids during the process of growth and
development. Species with a long evolutionary history of consuming carotenoids may possess
the cellular machinery required to utilise these compounds more efficiently, while other may not
(Pérez‐Rodríguez, 2009). Previous studies may have failed to understand the complexity of
species and trait-specific carotenoid requirements, and therefore found no evidence for their
effects. Alternatively, the differences in findings may be that studies largely ignore the
importance of the carotenoid class and dose administered when investigating the effect of
carotenoids on growth and development (discussed in sections 1.5 and 1.6). The unique
structure of each class of carotenoid is likely to affect its capacity to support growth and/or
development (Stahl and Sies, 2005, Pérez‐Rodríguez, 2009). Additionally, there is expected to
be a critical dose at which carotenoids have a positive effect on fitness-determining traits
(predicted by optimisation theory) and supplementation above or below this dose is likely to
have negative or neutral effects on growth and development (Pérez‐Rodríguez, 2009, Koch et
al., 2016). While a small number of studies have begun to investigate the effects of carotenoid
dose on growth and development in birds (Cucco et al., 2006), amphibians (Ogilvy et al., 2012,
Cothran et al., 2015, Szuroczki et al., 2016, Keogh et al., 2018), and fish (Wang et al., 2006),
the vast majority of studies have not considered the importance of establishing dose-response
curves (discussed further in section 1.6), or the importance of carotenoid class (but see Wang et
al., 2006). As such, it is expected that the effect of carotenoids on growth and development will
be far more complex than currently recognised.
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1.4 Carotenoids and exercise performance
The exercise performance of individuals (encompassing escape-response performance and
general activity) directly impacts the probability of survival. The locomotory speed at which an
individual flees during escape-response episodes, and the distance that is travelled during this
flight, can predict the probability of escaping predation (Edmunds, 1974). In addition, the
general activity displayed by animals is an important component of exercise performance that
helps animals gather information relating to the availability and location of food, refuge, and
potential mates (Rowe et al., 2015). While exercise performance is important for survival, it can
be energetically costly, and place the body under stress (Powers et al., 2004). Supplementation
with carotenoids may enhance the exercise performance of individuals in two main ways. First,
dietary carotenoids are expected to aid in ROS detoxification during strenuous exercise. The
production of ROS during acute exercise can result in oxidative damage, causing muscle
atrophy, fatigue, and contractile muscle dysfunction (Powers et al., 2004, Isaksson et al., 2011).
Supplementation with exogenous antioxidants, such as carotenoids, can improve exercise
performance by limiting the oxidative stress individuals experience during periods of rapid and
intense exercise (Powers et al., 2004, Giraudeau et al., 2013). Second, supplementation with a
diet rich in carotenoids may improve the nutritional quality of the diet, which may allow
individuals to decrease the activity time needed to forage for nutritionally rich food items
(Weimerskirch et al., 2003). In nature, animals must trade-off between maintaining important
life-history traits (e.g. growth, reproduction, and survival), and expending limited energy while
foraging for food (Weimerskirch et al., 2003). In theory, animals will maximise their foraging
efficiency to maintain energy reserves while also allocating enough resources to service lifehistory traits (Weimerskirch et al., 2003). While there is still limited evidence for the effect of
carotenoid supplementation on the activity of vertebrates (when looking at exploratory
behaviour) (Rowe et al., 2015), a number of studies have investigated the effect of carotenoid
supplementation on escape-response performance. Several studies have reported positive effects
of carotenoid supplementation on escape time, endurance, and the proportion of intact DNA
following escape trials in mammals (Wawryzniak et al., 2013), birds (Blount and Matheson,
2006, Larcombe et al., 2008, Arnold et al, 2010, Larcombe et al., 2010b), and amphibians (Silla
et al., 2016). Although, some have also reported negative or no effect of carotenoid
supplementation on escape-response performance (Piercy, 2000, Huggins et al., 2010)
(Appendix 2). However, these studies have mostly overlooked how the effect of carotenoid
supplementation on exercise performance may be influenced by carotenoid class and dose (see
sections 1.5 and 1.6), life-stage, and physiological context.
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1.4.1 Life-stage effects
While the effect of carotenoid supplementation on adult exercise performance (escape-response)
has been established, the effect of carotenoid supplementation on juvenile exercise performance
has been completely ignored. Supplementation with dietary carotenoids may be particularly
beneficial to juvenile escape-response performance because the juvenile life-stage is arguably
one of the most physiologically stressful. This is because during developmental growth, the
metabolic demands of individuals are high, which may be associated with an increase in ROS
production and oxidative stress (Monaghan et al., 2009, Nussey et al., 2009, Metcalfe and
Alonso‐Alvarez, 2010). Due to the expected increase in ROS during the juvenile life-stage we
might expect the antioxidant benefits of carotenoids to performance to be higher. Furthermore,
antioxidant requirements may differ at different developmental points. At times when growth is
most rapid, due to the production of growth-stimulating hormones (e.g. growth hormone,
prolactin, thyroid hormone), ROS production is elevated (Metcalfe and Alonso‐Alvarez, 2010)
and antioxidant requirements are expected to become greater. In particular, vertebrate species
that undergo metamorphosis may experience more ROS-induced stress closer to metamorphic
climax (Menon and Rozman, 2007). Metamorphosis involves drastic changes to morphological
and physiological characteristics which are energetically costly and may result in significant
oxidative stress (Menon and Rozman, 2007). For instance, one study in African clawed frogs
(Xenopus laevis) found that ROS production significantly increased during metamorphic climax
when individuals began to grow hindlimbs (Menon and Rozman, 2007). Therefore, we would
expect ROS production of individuals to increase at this development point, and the antioxidant
requirements of metamorphosing individuals to be significantly higher. Exploring the effect of
carotenoid supplementation on juvenile/larval exercise performance will be essential to improve
our understanding of the changing effects of carotenoid supplementation across life-stages.
1.4.2 The effect of physiological context
In addition to the shortage of literature regarding the effect of carotenoid supplementation on
juvenile exercise performance, few studies have investigated the effect of carotenoid
supplementation on exercise performance under different physiological contexts (but see Piercy
et al., 2000, Arnold et al., 2010, Larcombe et al., 2010). One physiological context which might
increase an individual’s antioxidant requirements is hibernation. Many animals hibernate to
survive harsh winters. However, individuals may experience significant oxidative stress
following arousal from hibernation due to the sharp increase in oxygen consumption needed to
return to normal metabolic rate (Bagnyukova et al., 2003, Hermes-Lima et al., 2015). While an
individual’s endogenous antioxidant system is upregulated during hibernation to reduce the
occurrence of oxidative damage upon reanimation (termed ‘preparation for oxidative stress’)
(Hermes-Lima et al., 1998, Hermes-Lima et al., 2015), many animals still experience some
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oxidative stress (Bagnyukova et al., 2003, Niu et al., 2018). A diet rich in carotenoids, received
prior to hibernation, may improve the antioxidant systems capacity to decrease ROS-induced
damage during arousal from hibernation. Moreover, exposure to exogenous antioxidants
immediately following arousal from hibernation may aid in long-term recovery, which is likely
to impact fitness-determining traits such as general activity and escape-response performance.
While numerous studies have measured ROS and markers of oxidative stress following arousal
from hibernation in a range of taxa (Bagnyukova et al., 2003, Feidantsis et al., 2013, Zhang et
al., 2017, Giraud-Billoud et al., 2018, Wei et al., 2018), to date none have studied how
supplementation with exogenous antioxidants, like carotenoids, may improve exercise
performance post-hibernation. Because of this, there is a need to understand how the effect of
carotenoids changes following hibernation.
Another area of research gaining interest is the investigation of the relative importance of
endogenous versus exogenous sources of antioxidants to exercise performance. While
carotenoid supplementation has been shown to be beneficial for single, acute bursts of escaperesponse (Blount and Matheson, 2006, Silla et al., 2016), recent research suggests that
exogenous antioxidant supplementation may be detrimental to escape-response performance if
exercise is repeated on a regular basis (Peternelj and Coombes, 2011). Exogenous sources of
antioxidants, such as carotenoids, have been said to interfere with the body’s own ability to
detoxify ROS (Peternelj and Coombes, 2011). During repeated exercise training, skeletal
muscle tissue produces small amounts of ROS, which upregulate naturally occurring
endogenous antioxidants (including enzymatic and non-enzymatic compounds such as
superoxide dismutase, catalyse, and uric acid) (Oztasan et al., 2004, Gomez-Cabrera et al.,
2008, Radak et al., 2008, Arnold et al., 2010, Larcombe et al., 2010b). The upregulation of
endogenous antioxidants helps limited the stress experienced in subsequent exercise events.
However, supplementation of individuals with exogenous antioxidants has been suggested to
limit the upregulation of endogenous antioxidants and even have detrimental effects on
performance (Peternelj and Coombes, 2011). Therefore, endogenous antioxidants alone may
meet or exceed the benefits of exogenous antioxidant supplementation on repeated exercise
performance (Radak et al., 2008). To date, few studies have tested how the effect of carotenoid
supplementation on exercise performance changes with physiological context (but see Piercy et
al., 2000, Arnold et al., 2010, Larcombe et al., 2010). Such tests improve our understanding of
the costs and benefits of carotenoid supplementation to the exercise of vertebrate species.
1.5 The importance of carotenoid class
At present, nearly all studies investigating the effect of dietary carotenoids on fitnessdetermining traits have ignored the importance of carotenoid class (but see Wang et al., 2006).
However, the positive effects of dietary carotenoids are likely dependent on the carotenoid class
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administered to individuals (Blomhoff and Blomhoff, 2006, Koutsos et al., 2006, Takeda et al.,
2017). As discussed in section 1.2, there are two main classes of carotenoids, the carotenes (αcarotene, β-carotene, lycopene, etc.) and the xanthophylls (zeaxanthin, lutein, astaxanthin, etc.)
(Miller et al., 1996, Stahl and Sies, 2003, Stahl and Sies, 2005, Pérez‐Rodríguez, 2009, Nagao,
2011). The unique structure of each class of carotenoid affects its antioxidant capacity and
expected ability to influence fitness-determining traits (Stahl and Sies, 2005, Pérez‐Rodríguez,
2009). For instance, carotenes have been shown to be more efficient than xanthophylls at
quenching free radical molecules due to the arrangement and number of conjugated double
bonds and lack of oxygen atoms causing low polarity (whereas xanthophylls have high polarity
due to the presence of an alcohol terminal ring) (Miller et al., 1996, Stahl and Sies, 2003).
Further, some carotenes are precursors to the formation of vitamin A and its derivatives; retinol
and retinoic acid (Blomhoff and Blomhoff, 2006). Pro-vitamin A carotenoids, as they are
known, are restricted to carotenoids that contain an unsubstituted β-ring and include β-carotene,
β-cryptoxanthin, and α-carotene (other carotenoids are classified as non-provitamin A
carotenoids) (Rodriguez-Concepcion et al., 2018). As mentioned earlier, retinoic acid is
important in regulating genes that control limb, lung, and CNS development, largely because of
its capacity to promote cell differentiation (Balmer and Blomhoff, 2002, Blomhoff and
Blomhoff, 2006). Whereas retinol is extremely important for night vision in vertebrates (Grune
et al., 2010, Rodriguez-Concepcion et al., 2018).
In regard to xanthophylls, lutein has been proven to be a powerful anti-inflammatory,
which is expected to improve immunity, general health, and recovery (Koutsos et al., 2006). It
has also recently been shown that lutein is important for bone density and mineralization, which
may be important for lifetime fitness (Takeda et al., 2017). Furthermore, lutein and zeaxanthin
together form the macular pigment of the eye, which functions to filter damaging blue light that
can cause oxidative-induced damage (Rodriguez-Concepcion et al., 2018). Ongoing new
empirical research is needed to further elucidate the effect of carotenoid class on fitnessdetermining traits in a wide range of animal taxa. This information would help deepen our
understanding of the general importance of dietary carotenoids to performance.
1.6 The importance of carotenoid dose
While several experimental studies and reviews have drawn attention to the fact that carotenoid
dose response experiments are lacking (Aguilera and Amat, 2007, Alonso-Alvarez et al., 2008,
Koch et al., 2016), few have addressed this issue (but see Wang et al., 2006, Szuroczki et al.,
Keogh et al., 2018, Mohr et al., 2019). To date, most studies investigating the effect of dietary
carotenoids on fitness-determining traits have supplemented individuals with only a single
carotenoid dose, meaning that the importance of carotenoids to fitness-determining traits
remains poorly understood. Based on optimisation theory, we should expect there to be an
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optimal dose at which carotenoids should be administered, with supplementation outside this
dose having sub-optimal or diminished effects (Cucco et al., 2006, Cothran et al., 2015). It is
extremely important to establish dose response curves for a range of species in order to
understand at what point the positive effects of carotenoids begin, and at what point they
diminish, or become negative. While the positive role of carotenoids has been explored
(reviewed in Svensson and Wong, 2011), it is often overlooked that inappropriate dosage can be
harmful to individuals. Supra-optimal doses of carotenoids have been shown to have a prooxidant effect, which can substantially damage DNA, proteins, and lipids (Palozza, 1998,
Catoni et al., 2008). For example, American goldfinch (Spinus tristis) supplemented with high
doses of lutein and zeaxanthin prior to escape-response episodes showed greater oxidative stress
and poorer performance compared to unsupplemented birds (Huggins et al., 2010). Likewise,
high doses of astaxanthin and lutein had a negative effect on Grey tree frog (Hyla versicolor)
survival, and also negatively impacted their growth and development (Cothran et al., 2015). In
addition to harmful supra-optimal dose effects, carotenoids doses that are too low may have no
discernible effect on individual performance. To date, many studies have shown that
supplementation with carotenoids has no effect on growth and development, or exercise
performance (see Appendix 1 and 2), however, many of these studies have only supplemented
individuals with a single dose of carotenoids. Because of this, it is difficult to determine whether
these studies failed to see a result because carotenoids were not important for the focal trait, or if
in fact, the carotenoid dose chosen was unsuitable.
While many studies that have used only a single dose of carotenoid have done so based
on findings from studies in similar species, the optimal dose for performance is expected to vary
dramatically among species (Pérez‐Rodríguez, 2009, Koch et al., 2016). While there are many
studies which have reported positive effects of carotenoids, the results of these studies are often
difficult to compare as dose requirements are expected to vary considerably between species
due to fundamental physiological differences (reviewed in Koch et al., 2016). Furthermore,
different bodily tissues absorb and store carotenoids differently, so supplementation studies
need to consider how bodily tissues are utilised for different fitness-determining traits (reviewed
in Svensson and Wong, 2011). Arguably, one the most crucial areas for future research would
be identifying the thresholds at which dietary carotenoids are beneficial for fitness-determining
traits across a range of species, and at what doses carotenoids become detrimental. This work
would allow for a deeper understanding of broad taxonomic patterns in carotenoid dose
thresholds.
1.7 Amphibians as a model system
Amphibians are an ideal group for investigating the influence of dietary carotenoid
supplementation on fitness-determining traits. Amphibians are characterised by a bi-phasic
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lifecycle with an obvious separation between juvenile and adult life-stages, making it possible to
accurately manipulate diet at each life-stage (a factor which may be particularly important when
looking at life-stage effects). Furthermore, previous studies have shown the capacity for dietary
carotenoids to improve growth and development (Ogilvy and Preziosi, 2012, Ogilvy et al., 2012,
Szuroczki et al., 2016, Keogh et al., 2018), and behavioural performance (Silla et al., 2016) of
amphibians. Conducting research with anurans is also valuable because the rate of species
extinction in this taxon is faster than reported for any other vertebrate group (IUCN, 2018) with
approximately 40% of known amphibian species threatened with extinction (IUCN, 2018).
Subsequently, amphibians are the subject of ongoing CBPs (Tapley et al., 2015, Harding et al.,
2016, Hunter et al., 2018). Understanding how nutritional conditions experienced in captivity
affect the fitness of amphibians is expected to significantly improve our capacity to produce
viable individuals for captive breeding and release.
1.8 Study species: The southern corroboree frog
The southern corroboree frog (Pseudophryne corroboree) is a small (SVL; 2.5-3 cm),
Myobatrachid frog endemic to the montane, and subalpine woodlands of the Snowy Mountains,
New South Wales, Australia (Osborne, 1991) (Fig. 1). Pseudophryne corroboree are
characterised by their bright yellow and black colouration, believed to be an honest aposematic
signal (Umbers et al., 2016). Individuals breed in austral summer (January-February), with egg
clutches (16-40 eggs) laid in terrestrial sphagnum moss nests that flood periodically in austral
winter, stimulating the eggs to hatch (Osborne, 1991). Larvae are slow growing (developmental
period; 6-8 months) and overwinter in pools before metamorphosing in austral summer
(December-early February). Pseudophryne corroboree is listed by the IUCN as critically
endangered, and at the recommendation of the NSW Department of Planning, Industry and
Environment (DPIE NSW; formerly OEH NSW) is the subject of a large-scale ex situ CBP,
established in 1996 (Hunter et al., 2018) and occurring at Taronga Conservation Society
(Sydney, NSW), and Zoo’s Victoria (VIC). The primary goal of this CBP is to establish viable
assurance colonies in captivity, while providing surplus individuals for reintroductions (OEH
NSW, 2012, Hunter, personal comms.). The CBP across these facilities produces a surplus of
approximately 1000-3000 eggs each year that are used for reintroduction trials (Hunter, personal
comms.). In more recent years, managers have begun to release metamorphosed frogs into
disease free enclosures within the Snowy Mountains (McFadden, personal comms.). Due to
their conservation status, P. corroboree is an important species in which to investigate the effect
of captive nutrition on growth, development, and performance. If carotenoid supplementation
improves the growth, development, and exercise performance of P. corroboree then this
information could have wider implications for the husbandry methods used prior to their release,
which, in turn, is expected to increase the likelihood these individuals will contribute to the
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establishment of self-sustaining wild populations.

Figure 1. Example of captive adult southern corroboree frog (P. corroboree). Photo taken by
E.P. McInerney.
1.9 Thesis outline and aims
Chapters in this thesis follow the structure of a scientific journal. As such, some background
information and methods overlap, particularly in chapters two and three, and chapters four and
five. The general aim of this thesis was to investigate the influence of dietary carotenoid on the
growth, development, and exercise performance of the critically endangered southern
corroboree frog (Pseudophryne corroboree). Using long-term dietary manipulation studies, I
first aimed to investigate the effect of carotenoid class and dose on the growth and development
(chapter two) and escape-response performance (chapter three) of larval P. corroboree. Second,
I aimed to test the effect of carotenoid supplementation on the exercise performance of P.
corroboree during the larval life-stage (chapter three), and during the adult life-stage under two
different physiological contexts; (i) hibernation (chapter four) and (ii) exercise training (chapter
five).
Specifically, I aimed to:
(1) Investigate the effect of two doses (0.1 mg g-1, 1 mg g-1) of dietary β-carotene and lutein
(representing two different carotenoid classes) on the growth and development of P.
corroboree (chapter two).
(2) Investigate the effect of two doses (0.1 mg g-1, 1 mg g-1) of dietary β-carotene and lutein
on the escape-response performance of P. corroboree during the larval life-stage
(chapter three)
(3) Investigate the effect of carotenoid supplementation on the exercise performance of P.
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corroboree during the adult life-stage following hibernation (chapter four)
(4) Investigate the effect of carotenoid supplementation and exercise training on the
exercise performance of P. corroboree during the adult life-stage (chapter five).
Dietary carotenoids have previously been found to affect P. corroboree escape-response
performance (Silla et al., 2016), skin colouration (Umbers et al., 2016), and cutaneous bacterial
communities (Edwards et al., 2017). Based on this knowledge, P. corroboree is expected to
utilise dietary carotenoids for multiple physiological processes.
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Effect of carotenoid class and dose on the larval growth and
development of the critically endangered southern corroboree
frog
_____________________________________________________
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2.1 Abstract
Dietary carotenoids are expected to improve vertebrate growth and development, though
evidence for beneficial effects remains limited. One reason for this might be that few studies
have directly compared the effects of carotenoids from different classes (carotenes versus
xanthophylls) at more than one dose. Here, I tested the effect of two doses of dietary β-carotene
and lutein (representing two different carotenoid classes) on the growth and development of
larval southern corroboree frogs (Pseudophryne corroboree). Individuals were supplemented
with either β-carotene or lutein at one of two doses (0.1 mg g-1, 1 mg g-1), or given a diet
without carotenoids (control). Each dietary treatment included 36 replicate individuals, and
individuals remained on the same diet until metamorphosis (25-39 weeks). I measured larval
survival, larval growth (body length), time to metamorphosis, metamorphic body size (mass and
SVL), and body condition. Lutein had no detectable effect on larval growth and development.
However, larvae receiving a high dose (1 mg g-1) of β-carotene metamorphosed significantly
faster than all other dietary treatments, despite no significant differences in growth rate. This
result indicates that β-carotene supplementation in P. corroboree has positive effects on
development independent of growth effects. This study provides new evidence for differential
effects of carotenoid class and dose on vertebrate development. From a conservation
perspective, these findings are expected to assist with the recovery of P. corroboree by
expediting the generation of frogs required for the maintenance of captive assurance colonies, or
the provision of frogs for release. More broadly, this study highlights the potential for dietary
manipulation to assist with the ex situ management of threatened amphibian species worldwide.
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2.2 Introduction
The establishment of conservation breeding programs is a primary conservation action for
threatened animal species worldwide (Gascon et al., 2007, Conde et al., 2013, Tapley et al.,
2015). Conservation breeding programs aim to safeguard threatened species ex situ, while also
providing individuals for release in situ (Conde et al., 2013). These programs are widely
considered to be critical for assuring species survival, but many programs experience low
success due to difficulties associated with efficiently producing large numbers of viable
individuals (Dolman et al., 2015). In many cases, this impediment relates to a lack of knowledge
regarding nutritional requirements (Pough, 2007, Thangaraj and Lipton, 2008, Ferrie et al.,
2014). Accordingly, there has been an emerging focus on manipulating the diets of captive
animals, with a view toward improving the growth and development of individuals, as well as
the size and overall viability of captive populations (Thangaraj and Lipton, 2008, Li et al., 2009,
Ogilvy et al., 2012, Byrne and Silla, 2017).
One group of micronutrients expected to improve the growth and development of
captive animals are carotenoids. Carotenoids are a group of over 750 hydrocarbon compounds
that animals cannot synthesise de novo and must gain through their diet (Svensson and Wong,
2011). Carotenoids initially became a focus for evolutionary biologist due to their effect on
ornamental colouration (see section 1.2). However, more recently they have been found to affect
other fitness-determining traits, including growth and development (see section 1. 3). In fact,
dietary carotenoids are expected to improve growth and development in several ways. First,
carotenoids are powerful antioxidants with the capacity to quench and stabilise reactive oxygen
species (ROS) generated during periods of high metabolic activity (Loft et al., 1994), such as
stages of rapid growth and development (Stoks et al., 2006, Metcalfe and Alonso‐Alvarez,
2010). By binding to ROS, carotenoids limit damage caused to cells, tissue, and DNA, and may
promote rapid cell division and differentiation (Miller and Camilliere, 1981, Stahl and Sies,
2003, Stahl and Sies, 2005). Second, the availability of dietary carotenoids is expected to
improve the general nutritional quality of the diet allowing more resources (such as lipids and
proteins) to be allocated to bodily processes such as immune function, somatic growth, organ
development, and limb development (Ogilvy and Preziosi, 2012). Third, provitamin A
carotenoids (α-carotene, β-carotene, and β-cryptoxanthin) are precursors to the formation of
retinoic acid (Balmer and Blomhoff, 2002, Blomhoff and Blomhoff, 2006), which has been
shown to influence gene expression and the production of proteins that have direct impacts on
tissue and organ development (Balmer and Blomhoff, 2002, Blomhoff and Blomhoff, 2006).
To date, a number of dietary manipulation studies have investigated the influence of
carotenoid supplementation on growth and development in various vertebrate groups (Cucco et
al., 2006, Wang et al., 2006, Ogilvy et al., 2012, McCartney et al., 2014, Pham et al., 2014,
Cothran et al., 2015, Byrne and Silla, 2017). Despite this research, evidence for positive effects
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remains equivocal. The effect of dietary carotenoids on growth and development is likely to be
dependent on two main factors; the class of carotenoid tested, and the dose at which the
carotenoid supplement is administered. Carotenoids can be split into two classes: 1) the
carotenes (e.g. α-carotene, β-carotene, lycopene), which contain only hydrogen and carbon
atoms, and 2) the xanthophylls (e.g. zeaxanthin, lutein, astaxanthin), which contain at least one
oxygen atom (Miller et al., 1996, Stahl and Sies, 2003, Stahl and Sies, 2005, Pérez‐Rodríguez,
2009, Nagao, 2011). In principle, the unique structure of carotenoids in each class will
determine how they influence vertebrate growth and development (Stahl and Sies, 2005, Pérez‐
Rodríguez, 2009). For instance, carotenes are known to be important for the development of
tissue, organs, and the central nervous system (Blomhoff and Blomhoff, 2006), and can
increase immune activity (Fitze et al., 2007). In contrast, xanthophylls can act as antiinflammatories, and may improve immunity and general health, potentially supporting rapid
growth (Koutsos et al., 2006). It has also recently been shown that the xanthophyll lutein plays
an essential role in bone mineralization and development (Takeda et al., 2017). Due to
fundamental differences in the structure and function of carotenes and xanthophylls, there is
reason to expect that carotenoids from these classes will differ in their capacity to support
growth and development. Despite this, most past studies have only tested the effects of
carotenoids from a single class (most commonly β-carotene, lutein, or zeaxanthin) (Cucco et al.,
2006, Larcombe et al., 2010, Butler and McGraw, 2012, Orledge et al., 2012, Sutherland et al.,
2012, McCartney et al., 2014, Cothran et al., 2015). Studies directly comparing the effects of
carotenes and xanthophylls are urgently needed to deepen our understanding of how different
carotenoid classes influence vertebrate growth and development.
In addition to the importance of carotenoid class, the potential for dose effects has also
been largely overlooked (although some more recent studies have begun to consider the
importance of ecologically relevant doses; see Biard et al., 2006, Vaugoyeau et al., 2015 and
references within). Based on optimisation theory, it is predicted that there will be an optimal
dose at which carotenoids should be administered (Cucco et al., 2006, Cothran et al., 2015).
Supraoptimal doses can potentially be harmful to individuals because excessive carotenoid
supplementation can cause a pro-oxidative effect that damages proteins, lipids, and DNA
(Palozza, 1998, Catoni et al., 2008). By contrast, carotenoid doses that are too low may have
limited impact or no detectable effect on growth and development. Critically, optimal doses are
also expected to vary substantially among species (Pérez‐Rodríguez, 2009, Koch et al., 2016).
Fundamental physiological differences between species are likely to affect their carotenoid
requirements (Pérez‐Rodríguez, 2009, Koch et al., 2016). For example, the concentration of
carotenoids found in the natural diet of species is expected to dictate dose requirements (this
should be carefully considered in supplementation studies) (Koch et al., 2016). Furthermore, it
is expected that species with energetically costly carotenoid-based ornamentation will have
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higher carotenoid requirements and a greater amount of circulating carotenoids than dull species
(Pérez‐Rodríguez, 2009, Koch et al., 2016). Furthermore, differences in species’ life histories
are likely to influence their access to carotenoids and ability to utilise them (Tella et al., 2004,
Koch et al., 2016). While past studies generally offer little justification for the carotenoid dose
tested (but see Koch et al., 2016), interspecific variation in responses to carotenoid
supplementation emphasizes the need for a better understanding of carotenoid dose thresholds
between taxa.
Amphibians are an important taxon to investigate the effects of carotenoid class and
dose on growth and development because approximately 40% of known amphibian species are
threatened with extinction (IUCN, 2018), and many are the subject of conservation breeding
programs (Tapley et al., 2015, Harding et al., 2016). Understanding how nutritional conditions
experienced in captivity affect growth and development is expected to significantly improve our
capacity to produce viable individuals, which stands to improve our ability to maintain viable
colonies and generate animals for release. Previous studies have highlighted the potential for
dietary carotenoid supplementation to improve amphibian growth and development, particularly
during the larval growth period, and at metamorphic climax when ROS production is high
(Inoue et al., 2004, Ogilvy and Preziosi, 2012, Ogilvy et al., 2012, Szuroczki et al., 2016).
Despite these advances, few past studies have directly compared carotenoids from different
classes and very few have tested multiple doses in amphibians (but see Ogilvy et al., 2012,
Cothran et al., 2015, Keogh et al., 2018). The aim of this study was to investigate the influence
of two dietary carotenoids (β-carotene and lutein), each supplemented at two doses (0.1 mg g-1
and 1 mg g-1), on the growth and development of the critically endangered southern corroboree
frog, Pseudophryne corroboree. Dietary carotenoids have previously been found to affect P.
corroboree escape-response, skin colouration, and cutaneous bacterial communities (Silla et al.,
2016, Umbers et al., 2016, Edwards et al., 2017). Based on this knowledge, P. corroboree is
expected to require dietary carotenoids for multiple physiological processes. As β-carotene and
lutein are from different carotenoid classes (β-carotene is a carotene, lutein is a xanthophyll), I
predicted that these carotenoids would affect growth and development differently. In addition, I
predicted that a higher carotenoid dose (approximating doses previously found to have positive
effects on fitness-determining traits in P. corroboree and other frog species) would expedite
growth and development.
2.3 Methods
2.3.1 Study species
Pseudophryne corroboree is a small (2.5-3 cm, adult snout-vent length) Myobatrachid anuran
endemic to the Snowy Mountain region of New South Wales (Osborne, 1991). It is classified as
43

critically endangered and is the subject of a large-scale conservation breeding program (Hunter
et al., 2007, IUCN, 2018). Pseudophryne corroboree breeds over summer (January and
February), and eggs are laid in a terrestrial nest (Osborne, 1991). The eggs remain in diapause
until heavy autumn rainfall floods nest sites, and hypoxic conditions trigger hatching.
Pseudophryne corroboree larvae (tadpoles) develop over winter in small, vegetated pools and
reach metamorphic climax in early summer (Osborne, 1991). The life stages of P. corroboree
are shown in Figure 2. While little is known about the feeding rates of P. corroboree in the
wild, the diet of P. corroboree larvae is known to consist of algae (Osborne, 1991), which is
rich in both β-carotene and lutein (composition of carotenoids in green algae can be 25-40% βcarotene and 40-57% lutein) (Lichtenthaler, 1987).

Figure 2. The life-stages of P. corroboree. Shown are the; (A) embryonic life-stage
(development within the jelly capsule), (B) larval life-stage (tadpole post-hatching), (C) juvenile
life-stage (newly metamorphosed frog), and (D) adult life-stage. Photographs A, B, and D are
courtesy of A.J. Silla, photograph C is courtesy of E.P. McInerney.
2.3.2 Husbandry and nutrition
A total of 180 fertilised P. corroboree eggs from nine clutches were obtained from a captive
bred colony held at Taronga Zoo, Australia. Eggs were laid between February and March 2017
and were maintained at Taronga Zoo until they were in a late stage of development (Gosner
stage 26; Gosner, 1960) and ready to hatch. Eggs were transported to the Ecological Research
Centre at the University of Wollongong on 1 May 2017. Following arrival, clutches were
separated into plastic containers (31.9 cm x 17.8 cm x 20 cm) and stimulated to hatch via
flooding with 500 ml of reverse-osmosis (R.O.) water. All larvae hatched within 5 days of
flooding, and within 24 hrs of hatching were transferred to individual experimental containers
(10.5 cm x 10 cm x 10 cm) filled with 550 ml of R.O. water. Three times a week, experimental
containers received a 50% water change using an automated irrigation system (PIS Irrigation
Systems, Australia) connected to an R.O. water system (Sartorius Stedim Biotech, Germany) to
expel excess food and excrement. Any additional food and excrement were siphoned out weekly
from each experimental container using a 30-ml plastic syringe connected to a 15 cm length of
aquarium tubing (3 mm ID). Individuals were kept in an artificially illuminated, constant
temperature room maintained at 12°C with a 11.5:12.5-h light: dark cycle, including a 15-min
twilight period at both dawn and dusk. Individuals were also given 1-hr of UV-B light per day
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provided by fluorescent strip bulbs (Reptisun 10.0 36” bulb; Pet Pacific, Australia) suspended
approximately 20 cm above each container.
Following hatching, larvae were assigned to one of five dietary treatments (see
Appendix 3). Briefly these diets were; (1) control (0 mg g-1), (2) low-dose β-carotene (0.1 mg g1

), (3) high-dose β-carotene (1 mg g-1), (4) low-dose lutein (0.1 mg g-1) and, (5) high-dose lutein

(1 mg g-1) (see Appendix 3). Total carotenoids in the control diet were <0.015 mg g-1 (see
Appendix 4). Carotenoid doses were selected as they are within the range previously used to
investigate the effects of dietary carotenoid supplementation on amphibian growth and
development, with positive results (Ogilvy et al., 2012, Keogh et al., 2018). Cellulose
microcrystalline powder (Sigma-Aldrich, Castle Hill, NSW) was added to experimental diets to
balance feed quantity (see Appendix 3). Previous studies have used cellulose as a dietary
bulking agent because it is not considered to have any significant nutritional value, is tasteless
and odourless (Dias et al., 1998, Keogh et al., 2018). Each dietary treatment mix was prepared
by suspending 2 g of fish flake (75:25 Sera Flora/Sera Sans: SERA, Germany) supplemented
with 2 mg of the corresponding carotenoid/cellulose mix in 20 ml of R.O. water. Feed was
stored in 10 ml plastic syringes, frozen, and then thawed immediately prior to feeding. Larvae
received two homogenised droplets of food three times a week (dry mass = 0.0074-0.0099 g) for
the first eight weeks of the experimental period. To accommodate increased food consumption
(personal obs.), after this time food quantity was increased to four droplets (dry mass = 0.01510.0175 g) three times a week until the beginning of metamorphic climax (forelimb emergence;
Gosner stage 42).
At the beginning of metamorphic climax, individuals were moved from their larval
experimental containers into metamorphic containers (18 cm x 10 cm x 12cm). Metamorphic
containers were filled with 100 ml of R.O. water and a graduated layer of aquarium pebbles
(approximately 0.5 cm thick at low point, 4 cm thick at high point; Tuscan Path, Australia) to
allow individuals to crawl from the water. As larvae do not feed during metamorphic climax
they were not provided with food. When individuals crawled out of the water they were
transferred to sub-adult containers (10.5cm x 10cm x 10cm), which consisted of a layer of
aquarium pebbles (approximately 2cm deep; Tuscan Path, Australia), covered by sphagnum
moss (Sphagnum cristatum) (approximately 5cm deep; Brunnings, Australia). Containers were
misted with R.O. water twice a week (Wednesday and Sunday) to keep the substrate moist.
2.3.3 Quantifying larval survival and growth
To quantify larval survival, individuals were checked every two days and given a score of either
alive or dead. To quantify larval growth, each individual was photographed fortnightly from the
commencement of dietary treatments (week 0; 8 May 2017) until the first larva reached
metamorphic climax (week 20; 29 September 2017). Photographs were taken using a Canon
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EOS 1000D camera positioned 40 cm above larval experimental containers and attached to a
copy stand for image stability. Images were later used to quantify body length (the sum of head
and tail lengths) for each individual using image analysis software (Fig. 3A) (ImageJ; Schneider
et al., 2012). Each measure was calculated twice and averaged. Larvae used in this study were
also used to investigate the effect of carotenoid supplementation on larval escape-response
performance (see Chapter 3).
2.3.4 Quantifying metamorphic body mass, snout-vent length (SVL), body condition, and
time to metamorphosis
Time to metamorphosis was recorded as time to full tail absorption (Gosner stage 46) from the
start of the experimental period. On the day of full tail absorption, individuals were blotted with
an absorbent tissue, weighed, and photographed next to a scale. Images were later used to
quantify snout-vent length (SVL) using image analysis software (Fig. 3B) (ImageJ; Schneider et
al., 2012). SVL was measured twice and averaged. Body condition was then calculated by
taking the residuals of a regression analysis of body mass (g) against SVL (mm).

Figure 3. Example of photographs taken to quantify P.corroboree (A) larval body length (head
length plus tail length; a), and (B) metamorphic snout-vent-length (SVL; b).
2.3.5 Statistical analysis
To test the effect of diet treatment on larval survival, I used a likelihood ratio chi-squared test.
Within each statistical model dietary treatment was the explanatory variable and survival to
metamorphosis was the response variable. To test the effect of dietary treatment on larval
growth I ran 11 separate linear mixed effects models (LME) with restricted maximum
likelihood for experimental weeks 0, 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20. Within each model,
dietary treatment was the fixed factor, clutch (1-9) was included as a random factor, and body
length was the response variable. Prior to analysis all data for LME models were log
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transformed to meet the assumptions of normality and homogeneity. Where a clutch effect was
found, post-hoc two-way analysis of variance (ANOVA) tests were conducted for each
experimental week to determine if there was a significant dietary treatment by clutch
interaction. I tested the effects of dietary treatment on metamorphic body mass, SVL, body
condition, and time to metamorphosis at two separate metamorphic points of each dietary
treatment. The first metamorphic point was when 50% of individuals from each dietary
treatment had metamorphosed (Control treatment; n = 15, Low-dose β-carotene; n = 14, Highdose β-carotene; n = 14, Low-dose lutein; n = 13, High-dose lutein; n = 13) and the second, was
when 100% of individuals had metamorphosed (Control treatment; n = 31, Low-dose βcarotene; n = 29, High-dose β-carotene; n = 29, Low-dose lutein; n = 26, High-dose lutein; n =
26). To test for the effect of dietary treatment at both metamorphic points I ran eight LME
models where dietary treatment was the fixed factor and clutch (1-9) was included as a random
factor. Response variables were either; (i) metamorphic body mass, (ii) metamorphic SVL, (iii)
metamorphic body condition, or (iv) time to metamorphosis (days). Body mass, SVL, and body
condition all met the assumptions of normality and homogeneity. However, time to
metamorphosis data were log transformed to improve normality and variances. Where
significant effects were found between dietary treatments, post-hoc Tukey’s HSD tests for
multiple comparisons were used. All statistical analyses were performed using JMP Pro 13
(SAS Institute Inc. North Carolina, USE).
2.3.6 Ethical note
All procedures described in this study were conducted following evaluation and approval of the
University of Wollongong’s Animal Ethics Committee (approved number AE 16/19). All
applicable institutional/or national guidelines for the care and use of animals were followed.
2.4 Results
2.4.1 Effect of dietary treatment on larval survival
Overall, 78.9% (142/180) of larvae survived through to metamorphosis. Larval survival was
higher in the control treatment (86.1%) than in the carotenoid-supplemented treatments (Lowdose β-carotene: 80.6%, High-dose β-carotene: 83.3%; Low-dose lutein; 72.2%; High-dose
lutein; 72.2%), but this difference was not significant (Chi-squared: x2 = 3.54, df = 4, P = 0.47).
2.4.2 Effect of dietary treatment on larval growth
The body length of larvae increased linearly over the experimental period (n = 20 weeks), with
individuals reaching an average (± SEM) body length of 34.16 ± 0.01 mm by the end of the 20
weeks (Fig. 4). There was no significant effect of dietary treatment on larval body length at any
of the sampling weeks (LME weeks 0-20: P > 0.05; Table 1). There was an effect of clutch on
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body length in week 20 (ANOVA: F8,8 = 2.64, P = 0.01), but there was no significant clutch by
dietary treatment interaction (ANOVA: F32,32 = 0.60, P = 0.95).

Figure 4. Effect of dietary treatment over the 20-week experimental period on larval body
length (mm) of P. corroboree. Data are untransformed means ± SEM (n = 26-31 individuals per
treatment).
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Table 1. The effect of dietary treatment on the body length (mm) of larval P. corroboree over the 20-week experimental period. Data shown are means ±
SEM, and statistics presented are the result of 11 separate LME models (n = 26-31 individuals per treatment).
Experimental week
Control
(n = 31)

Week 0
Week 2
Week 4
Week 6
Week 8
Week 10
Week 12
Week 14
Week 16
Week 18
Week 20

17.73 ±
0.20
20.13 ±
0.19
22.23 ±
0.28
23.98 ±
0.22
26.17 ±
0.32
27.06 ±
0.26
28.82 ±
0.35
30.28 ±
0.36
30.69 ±
0.44
33.15 ±
0.39
34.09 ±
0.30

Mean body length ± SEM (mm)
Low-dose βHigh-dose βLow-dose lutein
carotene
carotene
(0.1 mg g-1)
-1
-1
(0.1 mg g )
(1 mg g )
(n = 26)
(n = 29)
(n = 29)
17.78 ±
0.22
20.46 ±
0.21
22.40 ±
0.21
24.24 ±
0.23
26.21 ±
0.34
27.41 ±
0.29
29.36 ±
0.28
30.71 ±
0.25
31.39 ±
0.23
33.61 ±
0.29
34.23 ±
0.32

18.08 ±
0.20
20.30 ±
0.22
22.16 ±
0.20
24.30 ±
0.25
26.31 ±
0.27
27.87 ±
0.28
29.28 ±
0.33
30.81 ±
0.33
31.57 ±
0.37
33.87 ±
0.51
34.19 ±
0.35

18.18 ±
0.20
20.42 ±
0.21
22.52 ±
0.17
24.58 ±
0.23
26.60 ±
0.21
27.40 ±
0.27
29.70 ±
0.30
30.97 ±
0.30
31.66 ±
0.34
33.82 ±
0.37
34.18 ±
0.38
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Fdf

P

0.804, 128.9

0.53

0.554, 128.8

0.70

0.344, 129.3

0.85

0.734, 129.3

0.58

0.714, 130.3

0.59

1.244, 129.6

0.30

1.054, 129.7

0.39

0.724, 129.7

0.58

1.314, 130.9

0.27

0.484, 129.7

0.75

0.024, 129.3

1.00

High-dose lutein
(1 mg g-1)
(n = 26)
17.99 ±
0.27
20.49 ±
0.27
22.40 ±
0.31
24.13 ±
0.34
25.89 ±
0.37
27.26 ±
0.31
29.35 ±
0.34
30.77 ±
0.33
31.54 ±
0.39
33.59 ±
0.42
34.10 ±
0.32

2.4.3 Effect of dietary treatment on metamorphic body mass, snout-vent length, and body
condition
The average (± SEM) body mass of individuals at the time of metamorphosis was 0.19 ± 0.0038
g (range = 0.10 – 0.31 g) and the average (± SEM) SVL was 11.88 ± 0.07 mm (range = 9.79 –
14.20 mm). For the first 50% of individuals to metamorphose from each treatment, there was
no significant effect of dietary treatment on SVL (LME: F4,58.28 = 0.93, P = 0.45) (Fig. 5A),
body mass (LME: F4,59.27 = 0.96, P = 0.44) (Fig. 5B), or body condition (LME: F4,60.58 = 0.41, P
= 0.81) (Fig. 5C). Similarly, for all individuals to metamorphose, there was no effect of dietary
treatment on SVL (LME: F4,130 = 0.60, P = 0.66) (Fig. 6A), body mass (LME: F4,129.1 = 0.60, P
= 0.67) (Fig. 6B), or body condition (LME: F4,129.9 = 0.52, P = 0.72) (Fig. 6C).

Figure 5. Effect of dietary treatment on; (A) SVL for 50% of individuals to metamorphose from
each dietary treatment, (B) mass for 50% of individuals to metamorphose from each dietary
treatment, (C) body condition for 50% of individuals to metamorphose from each dietary
treatment. Data are untransformed means ± SEM (n = 13-15 individuals per treatment).
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Figure 6. Effect of dietary treatment on; (A) SVL for 100% of individuals to metamorphose
from each dietary treatment, (B) mass for 100% of individuals to metamorphose from each
dietary treatment, and (C) body condition for 100% of individuals to metamorphose from each
dietary treatment. Data are untransformed means ± SEM (n = 26-31 individuals per treatment).
2.4.4 Effect of dietary treatment on the time to metamorphosis
Overall, individuals took an average (± SEM) of 230.56 ± 1.87 days to metamorphose (range =
178 – 270 days). For the first 50% of individuals to metamorphose, there was a significant effect
of dietary treatment on time to metamorphosis (LME: F4,59.81 = 4.11, P < 0.01). On average,
individuals from the high-dose β-carotene dietary treatment metamorphosed 14-15 days faster
than individuals from all other dietary treatments (Fig. 7A). Overall, once all individuals had
metamorphosed, on average individuals from the high-dose β-carotene dietary treatment still
metamorphosed faster than individuals from all other diet treatments (Fig. 7B), though this was
not statistically significant (LME: F4,129.3 = 1.59, P = 0.18).
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Figure 7. Effect of dietary treatment on the time to metamorphosis (days) of P. corroboree for
(A) 50% of individuals to metamorphose from each dietary treatment (n = 13-15 individuals per
treatment), and (B) 100% of individuals to metamorphose from each dietary treatment (n = 2631 individuals per treatment). Data are untransformed means ± SEM. Treatments that share a
letter are not significantly different from one another.
2.5 Discussion
Carotenoid class and dose are two factors likely to influence whether dietary carotenoids have a
significant effect on vertebrate growth and development. However, few studies have directly
compared the effects of carotenoids from different classes at more than one dose, which may
explain the equivocal nature of past findings. The present study tested the effect of dietary
carotenoids on the growth and development of the southern corroboree frog, Pseudophryne
corroboree. Two dietary carotenoids (β-carotene and lutein) representing two carotenoid classes
(carotenes and xanthophylls, respectively) were administered at two doses: low (0.1 mg g-1) and
high (1 mg g-1). While dietary treatment had no significant effect on larval growth, metamorphic
body size (body mass and SVL), or metamorphic body condition, individuals from the highdose β-carotene treatment metamorphosed significantly faster than those from all other dietary
treatments (when considering the first 50% of individuals to metamorphose). This result
indicates that high-dose β-carotene supplementation expedited development, independent of
growth effects.
Across all dietary treatments, larvae grew at a similar linear rate and reached
metamorphosis at approximately the same body size and body condition. This finding is
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consistent with the findings of a previous study in P. corroboree, which reported no effect of a
broad-spectrum carotenoid supplement (containing β-carotene, lutein, and various other
carotenoids in combination) on either larval growth rate or body size at metamorphosis (Byrne
and Silla, 2017). Dietary carotenoids might not improve growth rate in P. corroboree because
this species has a protracted larval phase and a very slow growth rate. In nature, P. corroboree
larvae hatch in austral autumn, then develop in cold winter ponds and do not metamorphose
until summer (Colefax, 1956, Osborne, 1991). In my study, rearing temperature remained at
12°C (to simulate average temperatures experienced by larvae in nature), and individuals took
on average 7.5 months to metamorphose. Slow growth rate in ectothermic vertebrates is
expected to reduce metabolic activity and lower oxygen consumption (Stoks et al., 2006). Under
these conditions, the risk of damage to DNA, cells, and tissue by reactive oxygen species (ROS)
may be greatly reduced, and dietary antioxidants may have limited benefit to somatic growth
(Pérez‐Rodríguez, 2009). In support of this notion, a recent dietary study on the fast growing
Booroolong frog (Litoria booroolongensis) found that dietary β-carotene supplementation
significantly increased larval growth rate (Keogh et al., 2018). Investigating differences in
metabolic activity and ROS production between fast and slow growing frog species, and testing
the relative importance of dietary carotenoids for somatic growth, could provide important
insights into the physiological conditions under which these micronutrients are most beneficial.
An alternative explanation for the lack of growth effects is that carotenoids were
preferentially invested into carotenoid-mediated traits that have a greater impact on fitness,
driving a developmental trade-off among traits (Catoni et al., 2008, Lin et al., 2010). Dietary
carotenoids are known to improve the colouration of P. corroboree (Umbers et al., 2016), and a
recent clay model experiment suggests that colour functions as an aposematic signal (Umbers
and Byrne, unpublished data), so investment in colouration over growth may be strongly
favoured. Carotenoids may also be preferentially invested into immune function. While the
relationship between immune function and carotenoid supplementation remains largely
unexplored in amphibians (Cothran et al., 2015, Szuroczki et al., 2016), among other vertebrates
carotenoid supplementation has been shown to improve antibody response and
immunocompetence (Chew and Park, 2004, Duriancik et al., 2010), which may take precedence
over faster growth. Another possibility is that carotenoids are preferentially invested into
protection from UV damage. Pseudophryne corroboree inhabit high altitude regions that receive
high levels of UV radiation (Colefax, 1956, Osborne, 1991), which is known to trigger ROS
generation in amphibian skin cells (Stahl and Sies, 2002, Ogilvy and Preziosi, 2012). By acting
as antioxidants, dietary carotenoids may play a photoprotective role in reducing UV damage to
skin, limiting the availability of antioxidants for growth (Stahl and Sies, 2002, Ogilvy and
Preziosi, 2012). As a first step towards understanding if there are developmental trade-offs
among carotenoid-mediated traits in P. corroboree, it would be valuable to raise larvae under a
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broader range of carotenoid doses and determine how changes in carotenoid availability
influence growth, colouration, immunocompetence, and UV damage.
The finding that high doses of β-carotene had a significant effect on development,
independent of any growth effects, has several possible explanations. First, β-carotene may be
an important antioxidant during metamorphic climax, a process known to require significant
energy expenditure, and to generate high levels of ROS (Inoue et al., 2004, Stahl and Sies,
2005). By acting as an antioxidant, β-carotene may quench ROS and reduce them to a more
stable state, limiting damage to DNA, cells, and tissue, and which may allow for a faster
transition through metamorphosis (Miller et al., 1996, Stahl and Sies, 2003, Stahl and Sies,
2005, Menon and Rozman, 2007). My argument that β-carotene acts as an antioxidant against
ROS during periods of extreme energy expenditure and metabolic activity in P. corroboree is
supported by an earlier dietary study in this species which found that a broad-spectrum
carotenoid supplement significantly improved exercise performance during escape-response
episodes (Silla et al., 2016). It is important to note, however, that the relationship between ROS
production and metabolic activity is unlikely to be straightforward (Salin et al., 2015). As such,
further research is needed to quantify ROS production during larval development and
metamorphosis in P. corroboree and the determine the relationship between dietary β-carotene
intake and circulating ROS levels. While this was not possible in the present study due to the
critically endangered status of P. corroboree restricting opportunities for blood collection, such
assays could be achieved in closely related species such as the common brown toadlet
(Pseudophryne bibronii).
A second way that β-carotene might have assisted development in P. corroboree is by
activating genes that directly control development (Balmer and Blomhoff, 2002, Blomhoff and
Blomhoff, 2006). Carotenes (like β-carotene) are precursors for vitamin A, and its derivative
retinoic acid (Blomhoff and Blomhoff, 2006) (the ability for amphibians to cleave β-carotene to
retinoic acid is debated; Clugston and Blaner, 2014). Retinoic acid influences gene expression
and protein production by activating pleiotropic genes which control the development of limbs,
lung tissue, and the central nervous system (Balmer and Blomhoff, 2002, Blomhoff and
Blomhoff, 2006). For anuran amphibians, metamorphosis involves a complete change in limb
morphology, from tail loss to growth of quadrupedal limbs (Gosner, 1960, Wells, 2007).
Furthermore, individuals transition from an aquatic to a terrestrial lifestyle, which requires the
loss of gills and the growth of air-breathing lungs (Gosner, 1960, Wells, 2007). The addition of
β-carotene to P. corroboree diets may have accelerated systemic morphological and
physiological changes, resulting in a faster transition through metamorphic climax. To explore
this possibility, it would be valuable to investigate the influence of β-carotene on gene
expression during metamorphosis. This could be achieved using transcriptomic approaches such
as DNA microarrays and next generation sequencing technologies (e.g. RNA-Seq), which are
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now being routinely used to understand the response of amphibians to various developmental
environments (Jiang et al., 2017).
My finding that β-carotene, but not lutein, influenced development in P. corroboree
supports my prediction that carotenoid classes will differ in their effects on developmental traits
(Miller et al., 1996, Stahl and Sies, 2003). The arrangement and number of conjugated double
bonds, and the subsequent polarity of carotenoid compounds, are known to influence their
antioxidant capacity (Miller et al., 1996, Stahl and Sies, 2003). β-carotene may have had a
positive effect on P. corroboree development due to its low polarity (resulting from its
arrangement of conjugated double bonds), which increases its antioxidant capacity (Miller et al.,
1996, Stahl and Sies, 2003). In comparison, lutein may not have impacted development due to
its high polarity (resulting from the presence of an alcohol group), making it less effective as an
antioxidant (Miller et al., 1996, Stahl and Sies, 2003). Notably, my finding that lutein did not
have any effects on growth and development adds to a growing number of studies in anuran
amphibians and other vertebrates reporting no effect of xanthophylls (predominantly lutein and
zeaxanthin) on growth rate and/or developmental timing (Larcombe et al., 2010, Butler and
McGraw, 2012, Orledge et al., 2012, Sutherland et al., 2012, McCartney et al., 2014, Cothran et
al., 2015). It may be the case that benefits of lutein manifest as improvements to general health
and viability during adult life. For instance, lutein has been shown to have anti-inflammatory
properties (Koutsos et al., 2006), and also has the ability to increase bone density and
mineralization (Takeda et al., 2017). Considering this, it would be valuable for future lutein
supplementation studies to measure the inflammatory response of individuals following an
immune challenge, and/or x-ray individuals to quantify bone mass at metamorphosis (and in
later life) to ascertain the effects of lutein on traits related to general health and viability.
My finding that high (but not low) doses of β-carotene influenced development supports my
prediction that the effects of carotenoids should be dose dependent. Low doses of β-carotene
may not have influenced growth and development because available carotenoids were
preferentially invested into fitness-determining traits that more directly impact survival,
resulting in a developmental trade-off among traits (as discussed above). Alternatively, the low
dose I used may have been too low to have any detectable effects on development. Notably, my
findings are similar to those of a recent study in the Booroolong frog (Litoria booroolongensis),
where 0.1 mg g-1 of β-carotene had no effect on growth and development, but 1 mg g-1 of βcarotene had a positive effect on both traits (Keogh et al., 2018). Interestingly, this study also
supplemented frogs with 10 mg g-1 of β-carotene, and, at this relatively high dose, found a
negative effect on growth and development. Based on this finding I might also expect
detrimental effects in P. corroboree at doses beyond 1 mg g-1. An important area for future
research will be identifying the thresholds at which carotenoids have beneficial effects, both
during development and post-metamorphosis. More broadly, identifying optimal
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supplementation doses in P. corroboree and other frog species will be an essential step towards
understanding broad taxonomic patterns in carotenoid dose thresholds in anuran amphibians.
It should also be noted that faster developmental time may have prolonged effects later in
life (either positive or negative). Species that metamorphose (including anurans) display
significant plasticity in larval growth and development, and there are several models that aim to
predict the size of individuals at metamorphosis and the timing of larval metamorphosis (e.g.
metabolic-down regulation model, generalized optimization model, stochastic dynamic
programming model, temperature size rule, fixed rate model; see Courtney Jones et al., 2015
and references within). Together, these models show that time to metamorphosis may, or may
not, be related to size at metamorphosis (such as a minimum body size threshold). In many
instances, individuals may metamorphose faster but at a smaller body size (Wilbur and Collins,
1973), and this smaller body size may lead to reduced adult fitness (Cabrera-Guzmán et al.,
2013). However, in this study it is interesting that faster developing carotenoid-supplemented
larvae showed no difference in body size compared to slower developing unsupplemented
larvae. Therefore, we might not expect the same negative effects of faster time to
metamorphosis. It would prove interesting for future carotenoid supplementation studies to
investigate whether rapid development (independent of growth effects) promotes delayed fitness
costs in P. corroboree. This would help illuminate the broad benefits of carotenoids to lifetime
fitness.
My finding that a high dose (1 mg g-1) of β-carotene can accelerate development has
important conservation implications because P. corroboree is listed as critically endangered and
is the subject of a long-term conservation breeding program (Hunter et al., 2007). The capacity
to generate metamorphs more rapidly is likely to benefit this program by allowing managers to
replenish captive colonies more effectively with new cohorts, and avoid problems associated
with natural attrition and/or inbreeding. Of equal importance, the more rapid generation of
metamorphs could benefit the reintroduction of P. corroboree in various ways. First, generating
metamorphs more rapidly could increase the number of individuals available for release, which
may improve reintroduction success if there are positive correlations between population
density and individual fitness (i.e. the allee effect) (Armstrong and Seddon, 2008). Moreover,
individuals who metamorphose faster could be maintained on adult diets for longer periods prior
to release, which would provide an opportunity to release larger animals. This is critical because
larger body size can significantly reduce an individual’s risk of mortality resulting from
starvation, predation, competition, and desiccation (Cabrera-Guzmán et al., 2013), with flow on
effects for male and female reproductive success (Robertson and Hӧglund, 1987, Camargo et
al., 2008, Liao and Lu, 2001, Rausch et al., 2014). In addition, a recent study revealed that
smaller anurans carry higher infection loads of chytrid fungus (responsible for the fatal skin
disease chytridiomycosis) and bear higher energetic and osmoregulatory costs, exposing them to
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a higher risk of mortality resulting from disease (Wu et al., 2018). In amphibians, body size at
metamorphosis is also a strong predictor of reproductive success in both sexes (Semlitsch et al.,
1988, Amézquita and Lüddecke, 1999, Wells, 2007). Anurans that metamorphose at a bigger
size may also have enhanced survival and growth rate, as well as better locomotory performance
(Cabrera-Guzmán et al., 2013). As such, larger body size at release may improve the lifetime
fitness of reintroduced anurans. Importantly, time to metamorphosis may also be a strong
predictor of fitness. In amphibians, larvae that reach metamorphosis faster may be bigger at first
reproduction (Semlitsch et al., 1988) and have a greater chance of survival to maturity (when in
combination with larger body size) (Smith, 1987).
Finally, although I found no evidence for a beneficial effect of lutein on growth and
development, I also found no evidence for detrimental effects. Given that lutein may be
beneficial for general health and viability of individuals, there may be value in including this
micronutrient in captive diets. More broadly, because captive breeding is a standard recovery
action for threatened anuran amphibian species globally, dietary supplementation of β-carotene
(and potentially other carotenoids) may have widespread conservation value. As such, I
recommended ongoing experimental tests of the effects of dietary carotenoids on growth and
development (and other fitness-determining traits) across a diversity of threatened amphibian
species.
In conclusion, the aim of this study was to investigate the effect of carotenoid class and dose
of the growth and development of P. corroboree larvae. While I found no effect of carotenoids
on larval growth or survival, I did observe an effect of carotenoid class and dose on the time it
took larvae to reach metamorphosis. The findings of this study advance our understanding of the
importance of carotenoid class and dose in supplementation studies. More broadly, these
findings add to a growing body of literature which demonstrate the potential for dietary
carotenoids to improve animal performance.
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_____________________________________________________
Chapter 3
An experimental test of the effect of dietary carotenoids on
the escape-response performance of southern corroboree frog
larvae
_____________________________________________________
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3.1 Abstract
Escape-response behaviour generates high levels of reactive oxygen species (ROS) that can
have negative impacts on individual performance. Dietary antioxidants quench ROS and have
been shown to improve escape-response performance in adult vertebrates, but whether juveniles
receive similar benefits remains untested. Compared to adults, juveniles may generate more
ROS due to higher metabolic demands and may therefore benefit more from dietary
antioxidants. In species that undergo metamorphosis, benefits of dietary antioxidants, such as
carotenoids, might be most pronounced during late phases of juvenile (larval) development,
when rapid morphological and physiological transformations increase ROS production. Here, I
investigated the effect of dietary carotenoids on the escape-response of southern corroboree frog
(Pseudophryne corroboree) larvae at two developmental points (early and late larval
development; Gosner stage 26-28 and 30-35, respectively). Individuals were reared on diets
differing in carotenoid type and dose and exposed to simulated predator attacks at each
developmental point. I found no dietary treatment effect on escape-response performance at
either developmental point during larval development. A previous study in southern corroboree
frogs demonstrated that dietary carotenoids improve adult escape-response performance, so my
findings suggest that benefits of carotenoids in this species may be life-stage dependent.
Continued investigation into how carotenoids influence escape-response performance at
different life-stages will provide insights into mechanistic links between nutrition and
behaviour.
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3.2 Introduction
Escape-response is a widespread antipredatory behaviour whereby individuals flee from
predators in order to evade capture (Edmunds, 1974). The initial burst speed and distance
travelled by an individual during an escape-response event may predict their probability of
escaping consumption (Watkins, 1996). While escape-response improves an individual’s chance
of survival, this behaviour is extremely energetically costly (Blount and Matheson, 2006). At
present, there is substantial evidence that consuming dietary carotenoids can help improve
escape-response performance. Carotenoids, a class of organic compounds produced by
photosynthetic plants, algae and cyanobacteria, and some bacteria and fungi, initially became a
focus for evolutionary biologist due to their effect on ornamental colouration (see section 1.2).
However, more recent studies have shown that dietary supplementation with carotenoids can
also enhance acute episodes of escape in adult birds, and amphibians (Blount and Matheson,
2006, Larcombe et al., 2008, Arnold et al., 2010, Silla et al., 2016). At present, the most widely
accepted reason for why carotenoids improve escape-response performance is because of their
antioxidant capacity. During escape, as for other intense bursts of activity, skeletal muscle tissue
can produce an overabundance of unstable reactive oxygen species (ROS) (Powers et al., 2011),
that have the ability to cause damage to DNA, proteins, and lipids consequently hindering
performance (Halliwell and Gutteridge, 2007). When there is an overproduction of ROS that
exceeds the body’s ability to quench it, the result is oxidative stress (Alleman et al., 2014).
Consuming dietary antioxidants, such as carotenoids, may help reduce the impact of oxidative
stress and improve escape-response performance (Blount and Matheson, 2006, Larcombe et al.,
2008, Arnold et al., 2010). Furthermore, consuming carotenoids may improve the general
nutritional quality of the diet (Ogilvy and Preziosi, 2012) allowing more resources to be utilised
for traits, such as escape-response, avoiding a nutritional trade-off among traits.
Despite growing evidence that carotenoids benefit vertebrate escape-response
performance at the adult life-stage, no study to date has investigated how carotenoid
supplementation affects escape-response during the juvenile life-stage. Dietary carotenoids may
be particularly beneficial to juvenile escape-response performance for several reasons. First, we
might expect dietary carotenoids to be important to juvenile escape-response performance
because predation pressures are often higher in this life-stage. Juvenile individuals experience
greater predation rates because they are often smaller than adult individuals, and generally have
not developed learned antipredatory behaviours (Fuiman and Magurran, 1994) making
investment of nutritionally rich resources, like carotenoids, into rapid escape arguably more
important.
Another reason why dietary carotenoids may benefit escape-response performance during
the juvenile life-stage, is because development is a highly metabolically demanding process
(Metcalfe and Alonso‐Alvarez, 2010). Increases in metabolic rate may be associated with
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increased levels of ROS production and ROS-induced cell damage (Metcalfe and Alonso‐
Alvarez, 2010). Because of this, we might expect ROS levels and antioxidant requirements to be
higher during the juvenile life-stage, and therefore the benefits of dietary carotenoids to escaperesponse to be more apparent. Within the juvenile life-stage there may also be pronounced
changes in ROS production and antioxidant requirements as individuals move through
developmental points. For instance, at times when developmental growth is most rapid and ROS
production is elevated, we might expect that the antioxidant requirements of individuals will be
highest (Metcalfe and Alonso‐Alvarez, 2010). This may be particularly true for species that
undergo metamorphosis and experience rapid transformation prior to metamorphic climax.
Anuran amphibians are one taxon characterised by complete metamorphosis, and display
major physiological changes during early versus late larval (juvenile) development. During
early development, the production of prolactin and thyroid hormone, which are associated with
rapid growth, are low (Inoue et al., 2004, Wells, 2007). However, as individuals move closer to
metamorphic climax, the production of prolactin and thyroid hormone increases, as does growth
rate (Inoue et al., 2004, Wells, 2007). Rapid growth has been shown to be physiologically
stressful and has also been associated with an increase in the production of ROS (Metcalfe and
Alonso‐Alvarez, 2010). As a result, individuals may invest limited resources into sustaining
growth at the cost of rapid escape-response (Ardent, 2003). Additionally, metamorphosis in
anurans involves extreme changes in morphology (Gosner, 1960, Wells, 2007), and studies have
shown that indviduals may experience elevated levels of ROS production and oxidative damage
from the point of hindlimb growth (Menon and Rozman, 2007, Gomez-Mestre et al., 2013).
Because of this, as individuals move towards metamorphosis, we might expect an increase in
both ROS production, and an individual’s antioxidant requirements. Accordingly, I predict that
the beneficial effects of dietary carotenoids on escape-response will be greatest during late
larval development.
This study used a large dietary manipulation experiment to investigate whether dietary
carotenoid supplementation affects the escape-response of southern corroboree frog larvae
(juveniles) (Pseudophryne corroboree) at two developmental points (early and late larval
development). Previously, we have shown in this species that carotenoid supplementation
influences adult escape-response (Silla et al., 2016). I hypothesised that supplementing juveniles
with carotenoids would have a strong positive effect on escape-response performance, and that
these effects would be more pronounced during late larval development as individuals near
metamorphosis. Because the effects of dietary carotenoids are known to depend on carotenoid
class and dose (chapter two), I tested the effects of two carotenoids types (β-carotene and lutein)
at low and high doses on the burst speed and distance travelled by larvae (tadpoles) following a
simulated predator attack.
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3.3 Methods
3.3.1 Study species
The southern corroboree frog, P. corroboree is a small (2.5-3 cm, snout-vent length) Australian
ground frog (family: Myobatrachidae) endemic to the Snowy Mountain region of New South
Wales (Osborne, 1991). Pseudophryne corroboree larvae live in shallow pools where they
overwinter (June-August) before metamorphosing in austral spring and early summer
(November-January). Larvae are dull in colour throughout development and acquire their
characteristic black and yellow colouration during metamorphic climax (Fig. 8). Pseudophryne
corroboree larvae are relatively sedentary, however when threatened exhibit short swimming
bursts. The larvae of most anuran species are predated upon by insect larvae and fish, and have
been shown to respond to vibrational cues from predators (Wells, 2007, Rohr et al., 2009).
While little is known about the feeding rates of P. corroboree in the wild, the diet of P.
corroboree larvae is known to consist of algae (Osborne, 1991), which is rich in both β-carotene
and lutein (composition of carotenoids in green algae can be 25-40% β-carotene and 40-57%
lutein) (Lichtenthaler, 1987).

Figure 8. The developmental stages of juvenile P. corroboree. Shown in (A) early larval
development, (B) late larval development, (C) early metamorphic climax, (D) late metamorphic
climax, and (E) a newly metamorphosed frog. Photographs A is courtesy of A.J. Silla,
photographs B-E are courtesy of E.P. McInerney.
3.3.2 Husbandry and nutrition
A total of 180 P. corroboree eggs, from nine discrete clutches (laid between February and
March 2017), were obtained from Taronga Zoo at a late stage of embryonic development
(Gosner stage 26; Gosner, 1960) (P. corroboree eggs generally naturally hatch at Gosner stage
27, following a period of suspended development; Osborne, 1991). Embryos were transported to
the Ecological Research Centre at the University of Wollongong on the 1 May 2017. Upon
arrival, clutches were separated into containers (31.9 cm x 17.8 cm x 20 cm) and stimulated to
hatch via flooding with reverse-osmosis (R.O.) water. All larvae hatched within 5 days, and
upon hatching were transferred to individual containers (10.5 cm x 10 cm x 10 cm) filled with
550 ml of R.O. water. Following hatching, larvae were assigned to one of five dietary
treatments; (1) control (0 mg g-1), (2) low-dose β-carotene (0.1 mg g-1), (3) high-dose β-carotene
(1 mg g-1), (4) low-dose lutein (0.1 mg g-1), or (5) high-dose lutein (1 mg g-1) (see Appendix 3).
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The total amount of carotenoids in the control diet was very low (<0.015 mg g-1; see Appendix
4). β-carotene (Sigma-Aldrich, Castle Hill, NSW) and lutein (DSM Nutritional Products
Australia, Wagga Wagga, NSW) were chosen to supplement larval diets because they represent
two carotenoid types likely to be consumed from algae and plant material by larvae in nature
(Lichtenthaler, 1987). The doses used were selected as studies in Booroolong frogs (Litoria
booroolongensis) have shown that these doses of carotenoids significantly affect larval growth
and/or development (Keogh et al., 2018). Furthermore, a previous study in P. corroboree found
that similar doses of carotenoids to those used in this study had a positive effect on adult escaperesponse performance (Silla et al, 2016). Two doses were used because there is emerging
evidence that the effects of carotenoid supplementation on fitness-determining traits is dose
dependent (Keogh et al., 2018). Cellulose microcrystalline powder (Sigma-Aldrich, Castle Hill,
NSW) was added to experimental diets as a bulking agent (see Appendix 3) because it has no
significant nutritional value, is tasteless, and odourless (Dias et al., 1998, Keogh et al., 2018).
Diets were prepared by mixing 2 mg of carotenoid/cellulose with 2 g of fish flake (75:25 Sera
Flora/Sera Sans: SERA, Germany) and suspending the solid feed mixture in 20 ml of R.O.
water. Diets were draw into 10 ml plastic syringes and frozen. Immediately prior to feeding,
syringes were thawed, and feed was administered to larvae. Individuals were fed two
homogenised droplets of food thrice weekly (Monday, Wednesday, and Friday) (dry mass =
0.0074-0.0099 g) for the first eight weeks of the experimental period, and then four
homogenised droplets thrice weekly (dry mass = 0.0151-0.0175 g) thereafter to meet increased
metabolic demands.
During the experimental period, individuals were kept in an artificially illuminated,
constant temperature room maintained at a temperature of 12°C and on a 11.5:12.5 h day: night
cycle, including a 15-min twilight period at both dawn and dusk. Individuals were also supplied
with 1 h of UV-B light per day provided by fluorescent strip bulbs (Reptisun 10.0 36” bulb; Pet
Pacific, Australia) suspended approximately 20 cm above each container. To expel excess food
and excrement, containers received a 50% water change using an automated irrigation system
(PIS Irrigation Systems, Australia) connected to an R.O. water system (Sartorius Stedim
Biotech, Germany) thrice weekly (Monday, Wednesday, and Friday), and once a week excess
food and excrement was siphoned from larval containers using a 30 ml plastic syringe
connected to a 15 cm length of aquarium tubing (3 mm ID).
3.3.3 Larval escape-response performance
To quantify larval escape-response performance at two developmental time points (early and
late larval development), each individual was exposed to an escape-response test at seven weeks
post-hatching (Gosner stage 26-28) (Fig. 8A) and 18 weeks post-hatching (Gosner stage 30-35)
(Fig. 8B). The early larval development test took place on the 21 and 23 of June 2017 while the
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late larval development test took place on the 6 and 8 of September 2017. The same individuals
were tested during both early and late larval development. Within each test, individuals from the
five dietary treatments were tested in a random order. Trials were conducted on either a
Wednesday or Friday between 0830 and 1430 hrs. On each test day there was equal
representation of dietary treatments. Larval escape-response was quantified by exposing
individuals to a simulated predator attack in the form of a vibrational stimulus. Specifically,
individuals were stimulated to move by subjecting them to water jet vibrations of standardised
intensity, produced using a handheld electric automated water dispenser (Water flosser WP100
Ultra; Water Pik, USA). The probe of the dispenser was placed in the water directly behind an
individual’s tails and when switched on, produced a standard intensity water jet for 3-sec. If
individuals did not respond to the first water jet, a second was administered 10-sec later. Tests
took place in the larvae’s home containers to minimise disturbances before testing. Prior to each
test, containers were moved to a testing platform and a black ring (15 cm high) was placed
around containers to shield them from the observer. Individuals were given a 2-min acclimation
period before trials began. All trials were video recorded at 50 frames s-1 using a Sony Exmor R
Handycam mounted to a copystand set 15 cm above each individual’s container. Videos were
later re-watched, and the burst speed of larvae was measured by converting video files into
image frames and analysing their movement using Fiji’s manual tracking plugin (Schindelin et
al., 2012). Burst speed was measured for the first half second (25 frames) of swimming as most
larvae showed signs of slowing or stopping after this time. This method was adapted from a
previous study investigating larval burst speed which also showed individuals began to slow
after half a second (Arendt, 2003). Burst speed is a common measure of physiological
performance, and likely to be the most crucial in the escape of aquatic predators (Dayton et al.,
2005). Additionally, because we have previously shown that carotenoid supplementation affects
adult P. corroboree endurance (Silla et al., 2016), the total distance travelled after each water jet
event was quantified using Anymaze behavioural software (Stoelting Co., USA), which tracks
individual movement and behaviour within a given time period (Fig. 9).
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Figure 9. Example of Fiji manual tracking of P. corroboree larvae during escape-response trials
(A) prior to manual tracking, and (B) after manual tracking.
3.3.4 Statistical analysis
Before running the main statistical models, a total of 24 individuals were excluded from
analysis at each developmental point due to deaths within the experimental period (considered
failure to thrive), or because of recording issues that deemed trials unusable. Final sample sizes
were; Control = 28, Low-dose β-carotene = 33, High-dose β-carotene = 32, Low-dose lutein =
31, High-dose lutein = 32. Prior to analysis, I examined whether larval burst speed or distance
travelled correlated with body size at each developmental time point (as has been found in other
anurans) using regression analyses (Arendt, 2003, Arendt and Hoang, 2005, Eidietis, 2005,
Arendt, 2010). There was no significant effect of body size (measured as body length) on burst
speed (early larval development; R2 = 0.006, F155 = 0.99, P = 0.32, late larval development; R2 =
0.0005, F155 = 0.06, P = 0.80) or distance travelled (early larval development; R2 = 0.000008,
F155 = 0.001, P = 0.97, late larval development; R2 = 0.0003, F147 = 0.35, P = 0.97) in either the
early or the late larval development test. As such, body size was not included as a covariate in
any subsequent statistical analyses. Furthermore, there were no mortality differences between
the diet treatments at the end of the larval life-stage (see Chapter 2). I used linear mixed effect
(LME) models with restricted maximum likelihood methods to test the ﬁxed effects of dietary
treatment, and trial week (early or late larval development) on either the burst speed or distance
travelled by individuals. To account for repeated measures in the same individuals, individual
ID was included as a random effect. Clutch ID (1-9) was also included as a random effect.
Where a significant interaction was found between trial week and dietary treatment, post-hoc
Tukey’s HSD tests for multiple comparisons were used. All analyses were conducted in JMP
14.
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3.3.5 Ethical note
All procedures described in this study were conducted following evaluation and approval of the
University of Wollongong’s Animal Ethics Committee (approved number AE16/19). All
experimental procedures followed ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines.
3.4 Results
3.4.1 Burst speed (cm s-1)
The average burst speed (± SEM) of larvae during the early development test was 12.99 ± 0.34
cm s-1 and during the late development test was 11.12 ± 0.50 cm s-1. I found no effect of dietary
treatment on burst speed (LME; F4,143.7 = 0.73, P = 0.57) (Fig. 10). However, there was a
significant effect of developmental point on burst speed (LME; F1,151 = 11.32, P < 0.01),
whereby burst speed was significantly slower during the late larval development test (Fig. 10).
Furthermore, there was a significant interaction between dietary treatment and developmental
point (LME; F4,151 = 3.11, P = 0.02), whereby the response of the low- and high-dose lutein
treatments worsened over time (Fig. 10).

Figure 10: Effect of carotenoid supplementation on the burst speed (cm s-1) of P. corroboree
larvae following water jet vibrations during early larval development, and late larval
development. Dietary treatments were; Control = 28, Low-dose β-carotene = 33, High-dose βcarotene = 32, Low-dose lutein = 31, High-dose lutein = 32. Data shown are untransformed
means ± SEM. * denotes a significant difference in average burst speed over time.
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3.4.2 Distance travelled (cm)
The average distance travelled (± SEM) by larvae during the early development test was 10.803
± 0.595 cm and during the late development test was 13.14 ± 1.25 cm. There was no effect of
dietary treatment (LME; F4,145 = 0.86, P = 0.49) or developmental point (LME; F1,151 = 3.35, P =
0.07) on the distance travelled (Fig 11). Likewise, there was also no significant interaction
between dietary treatment and developmental point (LME; F4,151 = 1.38, P = 0.24) (Fig 11).

Figure 11: Effect of carotenoid supplementation on the distance travelled (cm) of P. corroboree
larvae following water jet vibrations during early larval development, and late larval
development. Dietary treatments were; Control = 28, Low-dose β-carotene = 33, High-dose βcarotene = 32, Low-dose lutein = 31, High-dose lutein = 32. Data shown are untransformed
means ± SEM.
3.5 Discussion
While there is evidence that dietary carotenoids can improve adult escape-response
performance, the impacts of carotenoids on juvenile escape-response have not previously been
tested. Increases in metabolic rate during the juvenile life-stage are expected to increase ROS
production, so antioxidant requirements during this life-stage may be greater than during the
adult life-stage. Furthermore, in species that undergo metamorphosis, ROS production, and
juvenile reliance on antioxidants, is expected to increase as individuals undergo major
morphological transformations (such as limb development). The aim of this study was to
investigate the influence of carotenoid supplementation on the escape-response performance of
P. corroboree larvae at two developmental time points (early and late larval development). This
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was achieved by manipulating dietary β-carotene and lutein intake and quantifying the influence
of carotenoid supplementation on larval escape-response (burst speed and distance travelled) at
two developmental time points (7 weeks post hatching and 18 weeks post hatching). The burst
speed and distance travelled by individuals did not differ between dietary treatments when
looking at each developmental week separately. Furthermore, the distance travelled by larvae
did not change over time. However, the burst speed of larvae appeared to decrease over time,
particularly in the low- and high-dose lutein treatments. Contrary to my predictions, the
antioxidant requirements of larvae during late development did not appear to increase.
One explanation for these findings might be that P. corroboree larvae have not
experienced strong selection for fast burst speed, and that individuals gain no benefit from
dietary antioxidants during the juvenile life-stage. Studies investigating the effect of anuran
larvae body morphometrics on burst speed have proposed that larvae that experience higher
predation risk have deeper tail fins, enabling them to have faster burst speeds (Hoff and
Wassersug, 200, Dayton et al., 2005). Pseudophryne corroboree larvae have relatively narrow
tails, and, in the present study, larvae had average burst speeds (11.97 cm s-1) that were less than
half that reported for the larvae of other anuran species (burst speed; range = 23.40-116 cm s-1
for Rana, Bufo, and Xenopus species) (Watkins, 1996). Because of this, it might be assumed that
they have experienced relatively weak selection pressures for fast escape-response. It may be
the case that P. corroboree larvae have poor escape-responses compared to other anuran species
because they are toxic or unpalatable to potential predators. Adult P. corroboree biosynthesise
toxic pseudophrynamines (Daly et al., 1990, Smith et al., 2002), and if present in larvae, these
chemicals might also provide protection from predators during early development. It is well
established that the larvae of a number of Bufo species biosynthesise toxic compounds to deter
predators (Brodie Jr et al., 1978, Crossland, 1998, Crossland and Azevedo-Ramos, 1999,
Karraker, 2011), and that the larvae of these species have poor escape-response performance
compared with those of non-toxic species (Alvarez and Nicieza, 2009). Accordingly, if P.
corroboree larvae possess the ability to produce toxins, this may have relaxed selection pressure
for superior escape-response. However, another possibility is that P. corroboree larvae may not
have evolved rapid escape-response because the pools they develop in are too cold to support a
high density of predators. Pseudophryne corroboree larvae hatch in autumn and overwinter in
pools that reach freezing temperatures, before metamorphosing in spring and early summer
(Colefax, 1956, Osborne, 1991). While the larvae of many temperate and tropical anuran
species are heavily predated upon by insect larvae and small fish (Wells, 2007), such predators
are rarely observed in P. corroboree developmental pools (Osborne, 1991). Under these
conditions, there may have been limited selection pressure for dietary carotenoids to assist with
larval escape-response. However, the physiological difference between larvae of species that
experience varied levels of predation remains to be investigated. As such, studying the escape75

response performance of individuals who experience difference intensities of predation will be
valuable in offering insights into the trade-offs that govern the evolution of escape behaviour.
Another reason why carotenoids may not have improved escape-response in P.
corroboree larvae is that a developmental trade-off among traits occurred, which resulted in
carotenoids being preferentially invested into other fitness-determining traits. Studies in various
bird and fish species have reported that when carotenoids are limiting, they are more likely to be
first invested into traits that directly influence health and survival (Clotfelter et al., 2007, Catoni
et al., 2008, Lin et al., 2010). For example, a study in blackbirds (Turdus merula) found that
dietary carotenoids are invested in parasitic defence before ornamental colouration (Baeta et al.,
2008). In P. corroboree, carotenoids may be preferentially invested in larval development
before escape-response. In support of this notion, a recent study conducted using the same
cohort of P. corroboree larvae used in the present study found that high doses (1 mg g-1) of βcarotene significantly reduced time to metamorphosis (chapter two). Alternatively, the
possibility should be considered that carotenoid supplementation did not improve escaperesponse simply because the performance assays used were not challenging enough to cause
oxidative stress. Positive effects of carotenoids may only become apparent during strenuous
activity or as individuals become fatigued. Before this point, the antioxidant requirements of
individuals may be met by the endogenous antioxidant system alone (Oztasan et al., 2004,
Powers et al., 2004). In the present study, individuals were tested once (or twice if they were
unresponsive to the first stimulus) at two developmental time points that were ten weeks apart.
Therefore, it is possible that individuals were not sufficiently challenged, and that any beneficial
effects of carotenoids remained undetected. If the escape-response performance tests individuals
were subjected to in this study were not challenging enough, then we may expect that testing
individuals repeatedly over a short time period, to the point of exhaustion, will result in a
difference is the escape-response performance of treatment groups.
Unexpectedly, burst speed performance was lower during late larval development,
particularly in the low- and high-dose lutein treatments. This result suggests that β-carotene may
be better at supporting performance later in larval development than lutein. This notion is
supported by findings of an earlier study in the same cohort of P. corroboree larvae that showed
β-carotene but not lutein expedites larval development (chapter two). When considering the
overall decline in burst speed across dietary treatments, there are several explanations. One
explanation is that larvae may have learned that the vibrational stimulus used to trigger escaperesponse was non-threatening and became desensitised. Past studies have shown that anuran
larvae have the ability to learn, even after limited exposures to stimuli, and have the capacity for
memory retention (Chivers and Ferrari, 2013). An alternative explanation might relate to a
change in the antipredatory mechanisms P. corroboree use in late larval development. During
early larval development, P. corroboree are dark in colour with no distinguishing markings.
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However, as larvae commence metamorphosis, the bright colouration and distinct skin patterns
characteristic of adults become apparent (personal obs.). This colouration might signal
unpalatability to potential predators, as has been reported for adults (Umbers et al., 2016). If so,
P. corroboree larvae may invest more energy into escape-response during early larval
development when they lack warning colouration and are more vulnerable to predation (which
may prove to be an example of phenotypic integration; see Murren, 2012, Dugas et al., 2015 for
theory). Another possibility is that the development of limbs during late larval development
hindered swimming performance. The presence of limbs may limit the acceleration of
individuals and increase drag, negatively impacting the burst speed of larvae. In support of this
argument, fluid dynamics studies of anuran larvae swimming behaviour have reported that limb
growth decreases swimming performance (Huey, 1980, Liu et al., 1996).
Notably, the lack of evidence that dietary carotenoids improve larval escape-response
performance is in direct contrast with an earlier study in P. corroboree, which showed that
dietary carotenoids improved adult escape-response performance (Silla et al., 2016). This
inconsistency raises the interesting possibility that benefits of dietary carotenoids in P.
corroboree are life-stage dependent, and that individuals may metabolise carotenoids differently
between the larval and adult life-stage. Ontogenetic changes in metabolism are apparent in other
invertebrate and vertebrate taxa, and are often driven by life-stage dependent selective pressures
(Epp et al., 1980, DeVries et al., 2013), suggesting that such differences may also be present in
anurans. In nature, carotenoid intake may be much lower during the larval life-stage of anurans,
and, if so, pre-metamorphic individuals may not possess the cellular machinery required to
efficiently process these micronutrients. For instance, it has been shown that some anuran
species cannot cleave β-carotene into vitamin A (Clugston and Blaner, 2014), a capacity which
is widespread in other vertebrate taxa (Blomhoff and Blomhoff, 2006). However, because I have
previously shown that dietary carotenoids expedite larval development (chapter two), it can be
assumed that P. corroboree larvae are capable of processing and utilising carotenoids. A more
plausible explanation may be that the endogenous antioxidant system is more effective during
the juvenile life-stage, reducing an individual’s reliance on exogenous antioxidants. While it
remains unknown whether amphibians experience a shift in the relative importance of
endogenous versus exogenous antioxidants across life-stages, there is some evidence to suggest
that the endogenous antioxidant system is critically important for larvae. For example, the
larvae of African clawed frogs (Xenopus laevis) have been found to have high levels of
circulating endogenous antioxidants from very early in development (Rizzo et al., 2007). If the
same is true for P. corroboree larvae, then we would expect that larvae may not utilise
carotenoids as readily early in life. Investigating how individuals utilise the endogenous and
exogenous antioxidant systems throughout development may provide important insights into the
value of dietary antioxidants at different life-stages.
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In conclusion, the aim of this study was to investigate the effect of carotenoid
supplementation on the escape-response of P. corroboree larvae at two development time points
(early and late larval development). Unexpectedly, I found no effect of dietary carotenoids on
larval escape-response performance during early or late development. As the present study is the
first to investigate the effect of carotenoid supplementation on juvenile escape-response, the
extent to which antioxidant requirements change at different life-stages remains unclear. To
address this knowledge gap, future studies will need to investigate the effect of antioxidant
supplementation at both the juvenile and adult life-stages across a diversity of animals,
particularly species that undergo metamorphosis as life-stage transitions are distinct. Such work
would advance our understanding of the role of antioxidants in the proximate control of escaperesponse behaviour and provide insight into whether the importance of antioxidants change as
organisms transition between life-stages.
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____________________________________________________
Chapter 4
Carotenoid supplementation affects the post-hibernation
performance of southern corroboree frogs
_____________________________________________________

84

4.1 Abstract
Hibernation is essential for the survival of many species, however, arousal from hibernation can
cause significant physiological stress. The high oxygen intake needed to return to normal
metabolic rate following hibernation generates a large amount of reactive oxygen species (ROS)
that can cause oxidative stress, which may have lasting effects on recovery. A diet rich in
antioxidants, such as carotenoids, may help reduce oxidative stress during arousal, and assist
with post-hibernation recovery and performance. Here, I tested the effect of carotenoid
supplementation on the exercise performance (escape-response performance and general
activity) of adult southern corroboree frogs (Pseudophryne corroboree). Exercise performance
was quantified at two time periods; following initial arousal from hibernation (24-48 h postarousal) and following recovery from hibernation (six weeks post-arousal). Carotenoid
supplementation had no effect on the escape-response performance or general activity of frogs
following initial arousal. However, following recovery from hibernation, carotenoid
supplementation improved escape-response performance, with carotenoid-supplemented frogs
hopping faster and further in their first hop compared to unsupplemented frogs. Post-recovery
activity was also significantly influenced by carotenoid supplementation, with carotenoidsupplemented frogs exhibiting significantly fewer mobile episodes compared to
unsupplemented frogs. These results indicate that carotenoid supplementation improves escaperesponse performance and significantly influences activity post-hibernation. Carotenoids may
affect post-hibernation performance by reducing the damaging effects of ROS or by increasing
the overall nutritional quality of the diet. My study provides novel evidence for an effect of
carotenoid supplementation on organismal performance post-hibernation, advancing our
understanding of the nutritional needs of hibernating organisms.
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4.2 Introduction
Hibernation is a strategy adopted by many animals to enable them to endure periods of
extremely low winter temperatures (St-Pierre and Boutilier, 2001, Bagnyukova et al., 2003).
During hibernation, individuals supress their metabolic rate, oxygen consumption, and activity,
allowing them to survive extended periods without feeding (St-Pierre and Boutilier, 2001).
While hibernation is essential for the survival of many species, arousal from hibernation can
cause significant physiological stress (Hermes-Lima et al., 2015). High oxygen intake needed to
return to a normal metabolic rate, combined with increased energetic expense required to cope
with elevated post-hibernation temperatures, generates a large amount of reactive oxygen
species (ROS) that can harm the body (Bagnyukova et al., 2003, Hermes-Lima et al., 2015).
When the rate of ROS production exceeds the rate of ROS detoxification, the result is oxidative
stress, which can cause irreversible damage to lipids, proteins, DNA, and organismal
performance (Powers et al., 2004). During arousal from hibernation, an individual’s antioxidant
system (which includes both endogenous and exogenous antioxidants) functions to reduce
oxidative damage (Hermes-Lima et al., 2015). While it is widely acknowledged that most
hibernating animals have evolved the ability to increase endogenous antioxidant levels during
arousal from hibernation (termed ‘preparation for oxidative stress’) (Hermes-Lima et al., 2015),
many still experience higher than normal rates of oxidative stress (Bagnyukova et al., 2003, Niu
et al., 2018).
A diet rich in exogenous antioxidants, received prior to hibernation, may improve the
antioxidant systems capacity to lessen the effects of ROS-induced damage following
hibernation. One group of exogenous antioxidants obtained by animals through their diet are
carotenoids, a group of over 750 hydrocarbon compounds synthesised by photosynthetic
organisms (plants, algae, and cyanobacteria), and some non-photosynthetic organisms (archaea,
bacteria, fungi, and some arthropods) (Svensson and Wong, 2011, Rodriguez-Concepcion et al.,
2018). Dietary carotenoids are consumed by a diversity of animals, and first came into focus for
their effect on ornamental colouration (section 1.2). However, they may also strongly support
post-hibernation exercise performance, encompassing traits such as escape-response and general
activity, which are known to directly impact survival (Edmunds, 1974). Post-hibernation
escape-response behaviour and activity are expected to dictate how likely an individual is to
find resources (such as food and refuge) and escape predation following arousal (Edmunds,
1974, Rowe et al., 2015); a time typically associated with high predation risk (Humphries et al.,
2003), and limited food availability (Edwards and Boonstra, 2016). However, behaviours
associated with exercise can be energetically costly and elevate the production of ROS (Powers
et al., 2004, Blount and Matheson, 2006). Increased consumption of carotenoids prior to
hibernation is expected to reduce the stress experienced by individuals when exhibiting these
behaviours post-hibernation, and, in turn, improve performance (Powers et al., 2004, Blount and
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Matheson, 2006, Rowe et al., 2015).
Beyond performance benefits received during arousal form hibernation, consumption of
carotenoids may also be critically important during recovery from hibernation. Several studies
have shown that ROS-induced stress can be experienced for several months following
hibernation (Cooper et al., 1992, Feidantsis et al., 2012, Feidantsis et al., 2013, Hoelzl et al.,
2016). Furthermore, individuals emerging from hibernation typically do so in spring, a season
associated with rapid somatic growth, and increased investment in reproductive traits and
processes; both of which are energetically costly activities known to generate high amounts of
ROS (Blount, 2004, Metcalfe and Alonso‐Alvarez, 2010). Therefore, if damaging effects of
ROS are cumulative (as suggested by Bagnyukova et al., 2003, Metcalfe and Alonso-Alvarez,
2010), dietary antioxidants may become increasingly important in the weeks following arousal.
While past studies have shown that exogenous antioxidants can improve performance (Aoi et
al., 2003, Blount and Matheson, 2006, Larcombe et al., 2008, Silla et al., 2016), no study to date
has investigated how dietary antioxidants influence performance following initial arousal from
hibernation, and following recovery from hibernation.
Anuran amphibians (frogs and toads) present excellent opportunities to test the effects
of carotenoid supplementation on post-hibernation performance. Globally, a diversity of anuran
species utilise hibernation as an overwintering survival strategy, and the effects of hibernation
on antioxidant defences and oxidative stress in anurans has been well documented (Boutilier,
2001, St-Pierre and Boutilier, 2001, Bagnyukova et al., 2003, Feidantsis et al., 2012, Prokic et
al., 2017, Niu et al., 2018). Specifically, it has been shown that hibernating anurans can
experience higher antioxidant activity than normal both during, and post-hibernation
(Bagnyukova et al., 2003), but also that hibernation can increase levels of oxidative stress in
heart and muscle tissue (Niu et al., 2018), and reduce muscle performance (Hudson and
Franklin, 2002). At present, there is a lack of information regarding the long-term effects of
hibernation on anuran performance, however two studies in water frogs (Pelophylax
ridinbundus) have shown that hibernation can increase the long-term occurrence of heat shock
proteins and oxidative stress, which is likely to have direct effects on performance (Feidantsis et
al., 2012, Feidantsis et al., 2013).
The present study aimed to investigate the effect of dietary carotenoids on the posthibernation escape-response performance and general activity of adult southern corroboree frogs
(Pseudophryne corroboree). Pseudophryne corroboree enter hibernation during the onset of
austral winter and evade freezing by burrowing into underground refuges (at the base of tussock
grasses, under logs, and in sphagnum bogs) (Osborne, 1991, McFadden, personal comms). Past
studies with P. corroboree have shown that dietary carotenoids can improve escape-response
performance (Silla et al., 2016), and modify exploratory behaviour (Kelleher, et al., 2019). In
the present study, I tested the effect of carotenoid supplementation on the post-hibernation
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performance of adult P. corroboree following initial arousal from hibernation (24-48 hrs postarousal) and following recovery from hibernation (six weeks post-arousal) to explore whether
exogenous antioxidants play a role in post-hibernation performance. I predicted that dietary
carotenoids would assist with both initial arousal and recovery from hibernation, such that
carotenoid-supplemented individuals would perform significantly better than unsupplemented
individuals at both time periods. Further to this, I predicted that the performance of carotenoid
supplemented, but not unsupplemented, frogs would improve between initial arousal and
recovery from hibernation, reflecting the capacity for carotenoids to aid in post-hibernation
recovery over time.
4.3 Methods
4.3.1 Study species
Pseudophryne corroboree is a small (2.5-3 cm, snout-vent length) anuran (family:
Myobatrachidae) endemic to the Snowy Mountain region of New South Wales (Osborne, 1991).
In this region, adult frogs enter a state of hibernation during the winter months (Osborne, 1991).
Pseudophryne corroboree is characterised by bright yellow and black markings on the dorsal
surface (Osborne, 1991). As with other Pseudophryne species, their predominant mode of
locomotion is a slow to rapid crawl, although individuals hop short distances when threatened
(Colefax, 1956, Silla et al., 2016). Pseudophryne corroboree feed on algae during the larval
life-stage (Osborne, 1991), and invertebrates during the adult life-stage (Osborne, 1991), both of
which contain carotenoids (Lichtenthaler, 1987).
4.3.2 Experimental design
To test the effects of carotenoid supplementation on the post-hibernation escape-response
performance and general activity of P. corroboree, frogs were assigned to one of two dietary
treatments from hatching (n = 24 per treatment). These were; (1) an unsupplemented diet
containing no added carotenoids, and (2) a carotenoid-supplemented diet which contained added
carotenoids from a broad-spectrum carotenoid mix (Superpig; Rapashy®, CA, USA). To
quantify the effect of carotenoid supplementation on escape-response and general activity
following hibernation, behavioural assays were conducted over two hibernation cycles that took
place annually. Escape-response assays were conducted between November 19, 2015 and
January 1, 2016, and activity assays were conducted in the following annual hibernation cycle
between November 24, 2016 and January 6, 2017. Details of these behavioural assays can be
found in sections 4.3.5 and 4.3.6.
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4.3.3 Husbandry and nutrition prior to hibernation
Fertilised P. corroboree eggs (n = 48) used in this study were obtained from a captive colony
held at Melbourne Zoo, Australia. Eggs were transported to the University of Wollongong on
July 19, 2013 and stimulated to hatch via flooding with reverse-osmosis (R.O.) water. During
both larval (tadpole) and adult (post-metamorphic) life-stages, animals were housed individually
according to husbandry methods stated elsewhere (McInerney et al., 2016, Silla et al., 2016). At
the commencement of the experimental period, larvae were randomly assigned to either an
unsupplemented dietary treatment or a carotenoid-supplemented dietary treatment (n = 24 frogs
per treatment). The unsupplemented larval dietary treatment consisted of 2 g of ground fish
flakes (75:25 mixture of Sera Flora/ Sera Sans) suspended in 20 ml of R.O. water, drawn into
syringes, frozen and then thawed prior to use. For the first two months of the experimental
period larvae received two droplets (range = 0.015 g – 0.018 g dry mass) of homogenised food
suspension three times a week. Food supply was then increased to four droplets (range = 0.030 g
– 0.036 g dry mass) until metamorphosis (forelimb emergence: Gosner stage 42; Gosner, 1960).
The unsupplemented larval dietary treatment contained low levels of total carotenoids (0.015
mg g-1) (see Silla et al., 2016 for details). The carotenoid dose and mix administered during the
larval and adult life-stages was based on a previous study in red-eyed tree frogs (Agalychnis
callidryas) which found a positive effect of mixed carotenoids on adult fitness-determining
traits (Ogilvy et al., 2012a). During the larval life-stage, the carotenoid-supplemented dietary
treatment consisted of the unsupplemented dietary treatment described above, supplemented
with 0.040 g of carotenoid mixture containing 20 different carotenoid pigments (and potentially
other plant-derived nutrients) (Superpig; Rapashy®, CA, USA) (see Silla et al., 2016 for
details).
During metamorphosis (Gosner stage 42 to 46), individuals were not provided with
food as nutritional needs are met by re-absorption of the tail. Upon completion of
metamorphosis, frogs received live crickets twice weekly so that food was available ad libitum.
Frogs in the unsupplemented adult dietary treatment were provided with crickets that had been
fed 48 h earlier with granny-smith apple (poor in carotenoids). The unsupplemented adult diet
contained very small amounts of total carotenoids (0.005 mg g-1) (see Silla et al., 2016 for
details). The carotenoid-supplemented dietary treatment also consisted of live crickets, though
crickets were fed pieces of carrot ad libitum 48 h prior to being fed to the frogs as gut loading of
prey items with carotenoid rich foods (like carrot) increases the overall carotenoid content of the
diet (Ogilvy et al., 2012b, Dugas et al., 2013). Crickets were also dusted with 1 g of carotenoid
mixture (Superpig; Rapashy®, CA, USA) immediately before being offered to frogs. In total,
the carotenoid-supplemented adult dietary treatment contained 1.152 mg g-1 of carotenoids (see
Silla et al., 2016 for details). Once a week, crickets in both dietary treatments were dusted with
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0.200 g of calcium powder (Repti-Cal, Aristopet, Australia) prior to feeding to prevent nutrient
deficiencies. Crickets ranged in age from 2 – 10 days old for both dietary treatments. Frogs
received experimental diets for approximately two and a half years prior to escape-response
assays being conducted, and three and a half years prior to activity trials being conducted (see
details below).
4.3.4 Hibernation conditions
To simulate the onset of winter and induce frogs to enter a state of hibernation, the temperature
in the experimental room was dropped progressively from 20˚C to 10˚C (Fig. 12). In preparation
for hibernation, once the temperature was reduced to 13˚C, feeding ceased and frogs were not
fed until arousal from hibernation (a total of six weeks; Fig. 12). Following the first week of
fasting, the temperature was reduced to 10˚C. At this temperature, frogs entered a state of
hibernation and displayed very little activity. During this time, the lighting within the
experimental room was placed on an 11: 13 h light: dark cycle with a 15 min dusk period to
simulate conditions experienced in Kosciusko National Park (in the Snowy Mountains) during
winter (June - August) (Bureau of Meteorology, 2015). Following a four-week period at 10℃,
temperature was incrementally increased over a two-week period to reach 15˚C, which caused
frogs to arouse from hibernation. Initial arousal behavioural assays took place 24- 48 h after
temperatures were increased to 15 ˚C (hereafter referred to as trial week 0) (Fig. 12). The
following day, feeding resumed and frogs were fed their adult dietary treatments for a six-week
recovery period before being exposed to a second round of behavioural assays (hereafter
referred to as trial week 6) (Fig. 12). Studies have shown that carotenoids can be stored in
adipose tissue, and later mobilised in times of physiological stress (see Metzger and Bairlein,
2011). Therefore, it was predicted that frogs in this study would have the ability to utilise
carotenoid stores following six weeks of fasting during hibernation.
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Figure 12. Yearly hibernation cycle for P. corroboree. Frogs were fasted at 13℃ and entered a
state of hibernation at 10℃. Frogs were aroused from hibernation as temperatures returned to
15℃. All behavioural assays were conducted at 15℃ following hibernation. Initial arousal
behavioural assays were conducted 24-48 h following arousal from hibernation when frogs were
still fasted. Recovery behavioural assays were conducted six weeks following hibernation when
frogs had resumed their experimental diets.
4.3.5 Escape-response assays
Escape performance trials were conducted on November 19 and 20, 2015 (trial week 0) and on
December 31, 2015 and January 1, 2016 (trial week 6). In order to quantify escape-response,
frogs were subjected to hopping performance trials where individuals were pursued to the end of
a narrow hopping track (30 cm x 4 cm x 4 cm) by a model Alpine Copperhead snake
(Austrelaps ramsayi), found natural in the same range as P. corroboree. Before trials
commenced, frogs were placed in front of the model snake separated by an opaque divider
where they were held by the researcher until they remained motionless. Frogs were
approximately 5 cm from the model snake before trials began. The opaque divider was then
removed and the model snake moved towards the frog at a constant speed of 0.75 cm s-1 via an
automated motorised pulley system (Tamiya Corp., Aliso Viejo, CA, USA) controlled by a 12 V
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36 RPM motor (Soanar, Sydney, NSW, Australia) attached to a 12 V DC speed controller and
Plus Switch mode regulated plug pack (Powertech, Taiwan, China) (Fig. 13A). Between trials,
the hopping track was wiped clean with ethanol and then R.O. water to remove any
chemosignals that may have influenced individuals’ performance. An equal number of
representatives from each dietary treatment were tested on each trial day, and trial order was
randomised to avoid temporal effects. All trials were video recorded using a high definition
Sony Exmor R Handycam mounted on a tripod approximately 50 cm above the hopping track.
Videos were later viewed using Windows Movie Maker software and the following behavioural
response variables were quantified; (1) hopping speed (cm s-1) (of the first hop), (2) length of
the first hop (cm), and (3) total hopping distance (cm) in response to the first tap from the snake.
Because individuals were housed in relatively small home containers, which only require short
crawls to move around, I expected that the change from this mode of locomotion to quick hops
needed for escape would make muscle tissue immediately susceptible to ROS-induced damage
(discussed in Blount and Matheson, 2006).
4.3.6 Activity assays
Activity assays were conducted on November 24 and 25, 2016 (trial week 0) and on January 5
and 6, 2017 (trial week 6). In order to quantify general activity, frogs were moved from their
home containers into experimental containers (31.9 cm x 17.8 cm x 20 cm). Each experimental
container was lined on the bottom with white corflute, and the walls of the experimental
container were lined with black opaque plastic to remove visual contact with neighbouring
frogs. Frogs were acclimated to experimental containers under a black opaque plastic cup for
five minutes. Following this acclimation period, the cup was removed using a pulley system and
the activity behaviour of each individual was video recorded for 60 minutes (Fig. 13B). Trials
were simultaneously completed in six blocks of eight individuals. Within each block, there were
equal representatives from each dietary treatment and trial order was randomised to avoid
temporal effects. During trials, the researcher was not present in the room in order to remove
any observer effects on the frogs’ activity. Between trials, the experimental containers were
wiped clean with ethanol and then R.O. water to remove any chemosignals that may have
influenced individuals’ performance. All trials were video recorded using high definition
Panasonic HC-W580M cameras suspended approximately 60 cm above the experimental
containers. Videos were later re-watched in Anymaze software and the following response
variables were quantified; (1) distance travelled (cm), (2) the number of mobile episodes,
defined as the number of times frogs became active during the activity assay, and (3) time
mobile (s). Frogs were classified as being immobile after five seconds of inactivity. Given the
likely links to fitness (i.e. escape from predators, ability to find refuge), I argue that mobility can
be considered a measure of performance post-hibernation.
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Figure 13. Example of the (A) escape-response assay and (B) activity assay setups testing the
effects of carotenoid supplementation on post-hibernation exercise performance in P.
corroboree.
4.3.7 Statistical analysis
For each behavioural assay, neither body size (snout-vent length or mass) nor sex had a
significant influence on any of the response variables measured (hopping speed: SVL; R2 =
0.002, F = 0.15, P = 0.69, mass; R2 = 0.0007, F = 0.06, P = 0.81, sex; x21 = 1.10, P = 0.75,
length of the first hop: SVL; R2 = 0.008, F = 0.65, P = 0.42, mass; R2 = 0.008, F = 0.71, P =
0.40, sex; x21 = 1.38, P = 0.24, hopping distance: SVL; R2 = 0.008, F = 1.71, P = 0.19, mass; R2
= 0.027, F = 2.43, P = 0.12, sex; x21 = 0.98, P = 0.32, distance travelled: SVL; R2 = 0.006, F =
0.53, P = 0.47, mass; R2 = 0.019, F = 1.71, P = 0.20, sex; x21 = 0.34, P = 0.56, number of mobile
episodes: SVL; R2 = 0.001, F = 0.11, P = 0.74, mass; R2 = 0.009, F = 0.81, P = 0.37, sex; x21 =
0.85, P = 0.36, time mobile: SVL; R2 = 0.009, F = 0.80, P = 0.38, mass; R2 = 0.04, F = 3.60, P =
0.06, sex; x21 = 0.66, P = 0.42), and body size did not change significantly during behavioural
assay periods (escape-response trials: SVL; x21 = 0.33, P = 0.57, mass; x21 = 1.33, P = 0.25,
general activity trials: SVL; x21 = 0.34, P = 0.56, mass; x21 = 1.77, P = 0.18). Therefore, body
size and sex were not included as co-variates in any subsequent statistical analyses. For each
behavioural assay, four individuals were excluded from analyses due to deaths within the trial
period or unusable behavioural trials (therefore Unsupplemented dietary treatment; n = 21,
Carotenoid-supplemented dietary treatment; n = 23). Because data were not normally distributed
non-parametric tests were used. To test the effect of dietary treatment on hopping speed, length
of the first hop, hopping distance, distance travelled, number of mobile episodes, and time
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mobile for each trial week (trial week 0 and trial week 6), I ran Wilcoxon rank sum tests. In
each model, dietary treatment was the explanatory variable and either hopping speed, length of
the first hop, hopping distance, distance travelled, number of mobile episodes, or time mobile
was the response variable. To test the effect of trial week (time) on hopping speed, length of the
first hop, hopping distance, distance travelled, number of mobile episodes, and time mobile for
each dietary treatment, I ran Friedman’s tests. In each model, trial week was the explanatory
variable, individual ID was the block, and hopping speed, length of the first hop, hopping
distance, distance travelled, number of mobile episodes, or time mobile was the response
variable. All statistical analyses were performed in R studio 1.1.447.
4.3.8 Ethical note
All procedures in this experiment were carried out following evaluation and approval from the
University of Wollongong’s Animal Ethics Committee (approved number AE13/13) following
ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines.
4.4 Results
4.4.1 Escape-response assays
Hopping speed
Dietary treatment had no significant effect on hopping speed in trial week 0 (mean ± SEM;
Unsupplemented dietary treatment = 1.93 ± 0.56 cm s-1, Carotenoid-supplemented dietary
treatment = 1.96 ± 0.44 cm s-1) (Wilcoxon: W = 257.50, P = 0.71) (Fig. 14A). However,
carotenoid-supplemented frogs hopped significantly faster than unsupplemented frogs in trial
week 6 (mean ± SEM; Unsupplemented dietary treatment = 2.69 ± 0.62 cm s-1, Carotenoidsupplemented dietary treatment = 5.45 ± 0.86 cm s-1) (Wilcoxon: W = 338, P = 0.02) (Fig. 14B).
Furthermore, individuals from the carotenoid-supplemented dietary treatment hopped
significantly faster in trial week 6 than in trial week 0 (Friedman’s test; x21 = 10.71, P < 0.01),
whereas individuals in the unsupplemented dietary treatment did not change in their hopping
speed between trial weeks (Friedman’s test; x21 = 0.05, P = 0.82). These results indicate that
individuals from the carotenoid-supplemented dietary treatment improved in their hopping
performance over the six week post-hibernation recovery period.
Length of the first hop
Dietary treatment had no significant effect on length of the first hop in trial week 0 (mean ±
SEM; Unsupplemented dietary treatment = 0.61 ± 0.15 cm, Carotenoid-supplemented dietary
treatment = 0.91 ± 0.16 cm) (Wilcoxon: W = 288.50, P = 0.26) (Fig. 14C). However,
carotenoid-supplemented frogs hopped significantly further in their first hop than
unsupplemented frogs in trial week 6 (mean ± SEM; Unsupplemented dietary treatment = 0.93
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± 0.18 cm, Carotenoid-supplemented dietary treatment = 1.65 ± 0.25 cm) (Wilcoxon: W = 333,
P = 0.03) (Fig. 14D). Furthermore, individuals from the carotenoid-supplemented dietary
treatment hopped significantly further in their first hop in trial week 6 than in trial week 0
(Friedman’s test; x21 = 8.90, P < 0.01), whereas individuals in the unsupplemented dietary
treatment did not change in their hopping speed between trial weeks (Friedman’s test; x21 =
0.53, P = 0.47).
Hopping distance
Dietary treatment had no significant effect on hopping distance in trial week 0 (mean ± SEM;
Unsupplemented dietary treatment = 1.72 ± 0.45 cm, Carotenoid-supplemented dietary
treatment = 1.02 ± 0.19 cm) (Wilcoxon: W = 219.50, P = 0.60) (Fig. 14E). While carotenoidsupplemented individuals hopped further than unsupplemented individuals in trial week 6 (mean
± SEM; Unsupplemented dietary treatment = 2.88 ± 0.10 cm, Carotenoid-supplemented dietary
treatment = 4.70 ± 1.10 cm) (Fig. 14F), this was marginally non-significant (Wilcoxon: W =
322, P = 0.06). Individuals from the carotenoid-supplemented dietary treatment hopped
significantly further in trial week 6 than in trial week 0 (Friedman’s test; x21 = 13.76, P < 0.01),
whereas individuals in the unsupplemented dietary treatment did not change in their hopping
speed between trial weeks (Friedman’s test; x21 = 1.47, P = 0.23).
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Figure 14. Effect of carotenoid supplementation on; hopping speed (cm s-1) in A) trial week 0
and B) trial week 6, length of the first hop (cm) in C) trial week 0 and D) trial week 6, and
hopping distance (cm) in E) trial week 0 and F) trial week 6 for P. corroboree. Dietary
treatments were; Unsupplemented (n = 21) or Carotenoid-supplemented (n = 23). Data shown
are untransformed means ± SEM. Columns with an * are significantly different from one
another.
4.4.2 Activity assays
Distance travelled
Dietary treatment had no significant effect on the distance travelled in trial week 0 (mean ±
SEM; Unsupplemented dietary treatment = 612.89 ± 83.48 cm, Carotenoid-supplemented
dietary treatment = 655.74 ± 106.38 cm) (Wilcoxon: W = 236, P = 0.91) (Fig. 15A), or trial
week 6 (mean ± SEM; Unsupplemented dietary treatment = 7.32 ± 136.65 cm, Carotenoidsupplemented dietary treatment = 521.41 ± 65.92 cm) (Wilcoxon: W = 192, P = 0.25) (Fig.
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15B). Furthermore, there was no effect of trial week on the distance travelled by individuals in
the carotenoid-supplemented dietary treatment (Friedman’s test; x21 = 0.04, P = 0.84), or the
unsupplemented dietary treatment (Friedman’s test; x21 = 0.05, P = 0.83).
Number of mobile episodes
Dietary treatment had no significant effect on number of mobile episodes in trial week 0 (mean
± SEM; Unsupplemented dietary treatment = 99.24 ± 7.98, Carotenoid-supplemented dietary
treatment = 104.48 ± 9.14) (Wilcoxon: W = 263.50, P = 0.61) (Fig. 15C). However, carotenoidsupplemented frogs had significantly fewer mobile episodes than unsupplemented frogs in trial
week 6 (mean ± SEM; Unsupplemented dietary treatment = 94.14 ± 10.17, Carotenoidsupplemented dietary treatment = 59.83 ± 5.01) (Wilcoxon: W = 98, P < 0.01) (Fig. 15D).
Furthermore, individuals from the carotenoid-supplemented dietary treatment had significantly
fewer mobile episodes in trial week 6 than in trial week 0 (Friedman’s test; x21 = 15.70, P <
0.01), whereas individuals in the unsupplemented dietary treatment did not change in the
number of mobile episodes they exhibited between trial weeks (Friedman’s test; x21 = 0.05, P =
0.83).
Time mobile
Dietary treatment had no significant effect on the time mobile in trial week 0 (mean ± SEM;
Unsupplemented dietary treatment = 1128.72 ± 129.53 s, Carotenoid-supplemented dietary
treatment = 1086.19 ± 115.39 s) (Wilcoxon: W = 237, P = 0.93) (Fig. 15E), or trial week 6
(mean ± SEM; Unsupplemented dietary treatment = 1215.74 ± 187.80 s, Carotenoidsupplemented dietary treatment = 899.81 ± 107.61 s) (Wilcoxon: W = 187, P = 0.21) (Fig. 15F).
Furthermore, there was no effect of trial week on the time mobile for individuals in the
carotenoid-supplemented dietary treatment (Friedman’s test; x21 = 0.04, P = 0.84), or the
unsupplemented dietary treatment (Friedman’s test; x21 = 0.05, P = 0.83).
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Figure 15. Effect of carotenoid supplementation on the; distance travelled in A) trial week 0
and B) trial week 6, number of mobile episodes in C) trial week 0 and D) trial week 6, and time
mobile (s) in E) trial week 0 and F) trial week 6 for P. corroboree. Dietary treatments were;
Unsupplemented (n = 21) or Carotenoid-supplemented (n = 23). Data shown are untransformed
means ± SEM. Columns with an * are significantly different from one another.
4.5 Discussion
While hibernation is essential for the survival of many organisms, high levels of reactive
oxygen species (ROS) generated during arousal from hibernation are expected to negatively
impact post-hibernation performance. Dietary supplementation with exogenous antioxidants,
such as carotenoids, is expected to limit the degree of oxidative stress experienced during
arousal from hibernation, and aid in post-hibernation recovery and performance. Both escaperesponse and general activity are critical for the survival of individuals following hibernation
but can cause significant oxidative stress. In this study, I tested the effect of dietary carotenoids
on the post-hibernation escape-response performance and general activity of the southern
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corroboree frog, Pseudophryne corroboree. Individuals were fed either a carotenoidsupplemented or unsupplemented dietary treatment and their escape-response and general
activity were assayed following initial arousal from hibernation (24-48 hrs post-arousal; trial
week 0) and following recovery from hibernation (six weeks post-arousal; trial week 6). In
regard to escape-response, carotenoid supplementation had no effect on any measure of
performance (hopping speed, length of the first hop, or hopping distance) in trial week 0.
However, the escape-response performance of carotenoid-supplemented individuals
significantly improved over time, while the performance of unsupplemented individuals
remained unchanged. Overall, by trial week 6, carotenoid-supplemented individuals
outperformed unsupplemented individuals with regard to their hopping speed, and length of the
first hop, but not hopping distance. In regard to activity, there was no significant difference in
performance between dietary treatments in trial week 0 (distance travelled, number of mobile
episodes, or time mobile). However, by trial week 6, carotenoid-supplemented individuals had
fewer mobile episodes than unsupplemented individuals during trials and had significantly
fewer mobile episodes over time. These results indicate that carotenoid supplementation did not
improve performance following initial arousal from hibernation, but that dietary carotenoids
enhanced escape-response performance and significantly influenced activity following recovery
from hibernation.
Unexpectedly, my results showed that there was no effect of carotenoid
supplementation on either the escape-response performance or general activity of frogs
following arousal from hibernation (trial week 0). One reason for this might be that the
carotenoid stores of frogs were depleted during hibernation. While hibernation involves severe
metabolic depression to reduce the likelihood of starvation, nutrient stores within the body can
still be metabolised (Boutilier, 2001). For instance, some animals (like hummingbirds) that enter
torpor (hibernation lasting <24 hrs) can reduce their metabolic rate by 10–80% during torpor
bouts (Geiser, 2011), which suggests that their nutrient stores are still likely to be reduced to
some extent. Further to this, it has been found that European common frogs, Rana temporaria,
only supress their metabolic rate by 50% during hibernation, and when exposed to more than
three weeks of hibernation, rapidly consume their glycogen and carbohydrate stores (Boutilier,
2001). It is not known whether frogs deplete carotenoid stores during hibernation, but this
outcome has been reported in other ectotherms that undergo estivation. For example, Helisoma
trivolvis snails have been found to have a significant reduction in their lutein store during
periods of estivation (metabolic depression during extended dry periods) (Arthur et al., 2006).
An alternative explanation for my results is that the generation of ROS during arousal from
hibernation may have been too great for the carotenoid dose administered to have a beneficial
effect. Arousal from hibernation is a physiologically challenging event that generates large
amounts of ROS (Bagnyukova et al., 2003, Niu et al., 2018). When ROS production exceeds the
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capacity of the antioxidants system to quench and stable it, oxidative stress results (Powers et
al., 2004). Previously, arousal from hibernation has been shown to cause oxidative damage to
lipids, heart tissue, and gastrocnemius muscle tissue in anuran amphibians (Bagnyukova et al.,
2003, Niu et al., 2018). Therefore, it is possible that frogs in my study experienced similar
damaging affects following arousal from hibernation.
Another explanation for why I did not detect an effect of carotenoids on either escaperesponse performance or general activity in trial week 0 may be that carotenoids were not taken
up or assimilated prior to hibernation. However, this seems highly unlikely because frogs in the
present study received carotenoids for several years prior to testing. Moreover, a previous study
with these animals demonstrated that carotenoid supplementation improves escape-response
performance prior to hibernation (Silla et al., 2016). Therefore, an alternative, and more
plausible, explanation may be that supplementation with carotenoids limited the upregulation of
endogenous antioxidants. During times of stress, ROS generation can trigger the upregulation of
the endogenous antioxidants system, which helps to reduce oxidative damage (Oztasan et al.,
2004, Peternelj and Coombes, 2011). In preparation for the overproduction of ROS associated
with arousal from hibernation, many species have evolved the ability to produce high levels of
endogenous antioxidants (deemed ‘preparation for stress’) (Hermes-Lima et al., 1998, HermesLima et al., 2015). However, it has been suggested that supplementation with exogenous
antioxidants can limit the performance of the endogenous antioxidant system and, in some
cases, even result in a greater incidence of oxidative damage (Peternelj and Coombes, 2011).
While this theory remains to be tested during arousal from hibernation, it would explain why the
escape-response performance of carotenoid-supplemented individuals did not differ from
unsupplemented individuals immediately after arousal. To conclusively determine the effect of
ROS, endogenous antioxidants, and dietary carotenoids on post-hibernation performance,
circulating antioxidants and markers of oxidative stress in target tissue and blood would need to
be quantified. This was not possible in the present study due to the critically endangered status
of P. corroboree. However, conducting this work in other less vulnerable overwintering anurans
would provide important insights into the relative roles of the endogenous and exogenous
antioxidants in mitigating oxidative stress prior to, and following, hibernation.
Results from my study showed no effect of carotenoid supplementation on the performance
of individuals immediately following arousal from hibernation, but carotenoid supplementation
did assist in the post-hibernation recovery of individuals. My results showed that carotenoidsupplemented individuals improved in their escape-response performance over the recovery
period and outperformed unsupplemented individuals in trial week 6 (when considering hopping
speed, and length of the first hop). This finding supports my hypothesis that carotenoids may act
as antioxidants during recovery from hibernation, and during escape-response episodes
following recovery. Arousal from hibernation can generate significant ROS and result in
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oxidative stress that can have lasting negative effects (Feidantsis et al., 2012, Feidantsis et al.,
2013). As antioxidants, carotenoids might help to reduce ROS-induced stress experienced
during recovery from hibernation, resulting in better performance. To date, only two studies
have directly measured long-term cell and DNA damage caused by hibernation, but both have
found that negative effects of hibernation can last for several months (Feidantsis et al., 2013,
Hoelzl et al., 2016). To conclusively determine whether carotenoids act as antioxidants to
reduce cell damage during recovery from hibernation, future studies would benefit from
measuring ROS generation, oxidative stress, and circulating carotenoid levels.
Until such work is conducted, it is possible that there might be alternative explanations for
the carotenoid-mediated benefit to performance I have reported. One possibility is that
carotenoids help to improve the general nutritional quality of the diet (Ogilvy and Preziosi,
2012), which may directly affect the recovery of individuals. Specifically, carotenoid
supplementation may allow more resources, such as lipids and proteins, to be allocated to bodily
functions that improve the condition of individuals following hibernation- a time typically
associated with rapid somatic growth and preparation for reproduction. Another possibility is
that the positive effect of supplementation was linked to the presence of other beneficial
compounds in the supplement, as this was a plant extract mix containing several unknown
compounds. To eliminate any potential for effects causes by unknown performance enhancers,
we recommend that future studies supplement diets with pure carotenoids.
Results from the activity behavioural assay showed that the activity of carotenoidsupplemented individuals decreased over the post-hibernation recovery period (when
considering number of mobile episodes). By contrast, unsupplemented individuals did not differ
in their activity between trial week 0 and trial week 6. As a result, the number of mobile
episodes was significantly lower in carotenoid-supplemented individuals compared to
unsupplemented individuals in trial week 6. Unsupplemented individuals may have exhibited
more mobile episodes than carotenoid-supplemented individuals following post-hibernation
recovery because they needed to increase their foraging intensity to satiate their elevated
metabolic requirements (Weimerskirch et al., 2003). It is generally hypothesised that most
animals will maximise foraging efficiency to invest in costly traits (e.g. somatic growth,
development, ornamentation), while also conserving energy (Weimerskirch et al., 2003).
However, when an individual’s nutritional state does not meet the requirements for maintaining
costly traits, they may need to increase their foraging activity (Weimerskirch et al., 2003). In the
present study, individuals fed carotenoid-supplemented diets may have had fewer mobile
episodes in trial week 6 because they had access to a higher quality diet which met their
metabolic demands during recovery. By comparison, unsupplemented individuals may have
been more active as they needed to spend more time foraging to meet their metabolic demands.
To determine whether carotenoids improve foraging efficiency, future studies should quantify
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how carotenoid supplementation influences foraging dynamics. It would be particularly
informative to investigate how different doses of carotenoids influence metabolic demands and
how any associated physiological changes influence foraging efficiency. It would also prove
interesting to investigate how the effect of carotenoid supplementation on foraging performance
is linked to the degree of carotenoid colouration in P. corroboree as previous studies have found
that carotenoid colouration can be an honest signal of foraging efficiency (Endler, 1983).
More broadly, the findings of my study advance our understanding of the role of exogenous
antioxidants in organismal functioning following hibernation. Past studies concerning the
importance of antioxidants following hibernation have centred on understanding the role of
endogenous antioxidants on post-hibernation stress. These studies have found that individuals
can increase their endogenous antioxidant capacity to prepare for the stress of arousal from
hibernation (see Hermes-Lima et al., 2015), but they may still experience some oxidative
damage during arousal and recovery from hibernation (Bagnyukova et al., 2003, Feidantsis et
al., 2013, Hoelzl et al., 2016, Niu et al., 2018). My study is the first to demonstrate a positive
influence of exogenous antioxidants on the performance of individuals following hibernation,
drawing attention to the possibility that dietary antioxidants are more important to species that
undergo hibernation than currently realised. Studies in various hibernating species are now
needed to ascertain the general benefit of exogenous antioxidants to post-hibernation
performance. Knowledge in this area will deepen our understanding of the links between
nutrition and performance.
In conclusion, the aim of this study was to investigate the effect of carotenoid
supplementation on the post-hibernation performance of adult P. corroboree. I found no effect
of carotenoid supplementation on the performance of frogs immediately following arousal from
hibernation, however, carotenoid supplementation improved escape-response performance and
significantly influenced activity six weeks post-recovery. Investigating the extent to which other
species rely on dietary antioxidants to maintain performance post-hibernation will advance our
understanding of the nutritional needs of hibernating organisms.
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_____________________________________________________
Chapter 5
The effect of dietary antioxidants and exercise training on the
escape performance of southern corroboree frogs
_____________________________________________________
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5.1 Abstract
Escape-response behaviour is essential to ensure an individual’s survival during a predator
attack, however, these behaviours are energetically costly and may cause oxidative stress.
Oxidative stress can be reduced by supplementing an individual’s diet with exogenous
antioxidants or through regular moderate exercise training, which stimulates the upregulation of
the endogenous antioxidant system. The present study investigated the effects of dietary
carotenoids and exercise training on the escape-response behaviour of adult southern corroboree
frogs (Pseudophryne corroboree). Frogs were fed either a carotenoid-supplemented or
unsupplemented diet and were exposed to repeated escape-response trials (training) for five
consecutive weeks. Carotenoid-supplemented individuals outperformed unsupplemented
individuals in initial hopping speed, length of the first hop, and hopping distance, however, the
performance of frogs in each treatment group became statistically similar after training. Within
treatment groups, exercise training significantly improved the hopping speed of unsupplemented
frogs, with speeds almost doubling between training weeks one and five. By contrast, exercise
training did not significantly improve the hopping speed of carotenoid-supplemented frogs. My
results provide some of the first evidence that exercise training improves escape performance,
and that dietary antioxidants may limit training-induced benefits.
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5.2 Introduction
Locomotory escape-response behaviour (i.e. running, flying, swimming, and hopping) is
displayed by many animals in response to threatening stimuli, such as predation (Edmunds,
1974). While effective escape-response behaviour can improve an individual’s probability of
survival, such behaviour is energetically costly and can place an individual’s body under
substantial physiological stress, which can have negative impacts on lifetime fitness (Powers et
al., 2004, Metcalfe and Alonso-Alvarez, 2010). Periods of acute exercise, such as escaperesponse episodes, can increase an individual’s metabolic rate by up to 100 times, generating an
overproduction of reactive oxygen species (ROS) (Larcombe et al., 2010). The result is
impaired cellular redox balance and oxidative stress, which can cause damage to muscle tissue,
lipids, proteins, and DNA, and result in muscle atrophy, fatigue, and contractile muscle
dysfunction (Powers et al., 2004, Isaksson et al., 2011). Oxidative stress can be reduced by
supplementing individuals with dietary antioxidants (exogenous antioxidants) or through regular
moderate exercise, which stimulates the endogenous antioxidant system (Powers et al., 2004).
Research in this field has largely focused on the effect of dietary antioxidant
supplementation on exercise performance in humans and laboratory mammals (Sacheck et al.,
2000, Aoi et al., 2003, Urso and Clarkson, 2003, Shafat et al., 2004, Ryan et al., 2010). These
studies have generally reported that supplementation improves performance, leading to the
broad recommendation that dietary antioxidants be used as performance enhancers (reviewed by
Powers et al., 2004). More recently, the antioxidant effects of carotenoids on exercise
performance in non-mammalian vertebrates has gained research attention, following
considerable early work showing their effect on other performance-related traits (see section
1.2). As such, there is currently a growing number of studies demonstrating positive effects of
dietary carotenoids on antipredatory escape-response behaviour (Blount and Matheson, 2006,
Arnold et al., 2010, Larcombe et al., 2010, Silla et al., 2016). These studies have shown that
carotenoids positively influence escape time, stamina, and endurance, as well as the proportion
of intact DNA following escape-response trials (Blount and Matheson, 2006, Arnold et al.,
2010, Silla et al., 2016).
Despite these advances, past research investigating the effects of dietary antioxidants on
escape performance has typically only tested single episodes of escape-response (Blount and
Matheson, 2006, Silla et al., 2016). The physiological stress experienced during repeat, regular
escape-response events is likely to be markedly different to that experienced during a single,
isolated escape-response event. Numerous studies have shown that moderate regular exercise
can reduce physiological stress (Cummings, 1979, Miller and Camilliere, 1981, Oztasan et al.,
2004, Radak et al., 2008). The reduction in physiological stress occurs because regular moderate
exercise creates small amounts of ROS in muscle tissue, which stimulates the activation of
endogenous antioxidant enzymes that play a role in ROS detoxification (Radak et al., 2008,
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Metcalfe and Alonso-Alvarez, 2010). Exposure to regular exercise training events, and the
subsequent upregulation of endogenous antioxidants, can therefore limit the oxidative stress
experienced by muscle tissue (Metcalfe and Alonso-Alvarez, 2010). So, while several studies
have focused on how dietary antioxidant supplementation can improve escape-response, few
have considered how exercise training might interact with dietary supplementation to influence
overall escape-response behaviour.
To my knowledge, only two studies (both in the same avian model; budgerigar,
Melopsittacus undulates), have investigated the effect of both dietary carotenoid
supplementation and regular exercise training on escape-response behaviour (Arnold et al.,
2010, Larcombe et al., 2010). Both studies found that exercise training improved escaperesponse, and that training-induced improvements in performance were enhanced in birds that
also received a dietary antioxidant supplement (Arnold et al., 2010, Larcombe et al., 2010). To
ascertain the generality of these findings, there is a need to understand how both exercise
training and dietary antioxidant supplementation affect overall escape-response behaviour in a
wider range of taxa. A recent study in the southern corroboree frog (Pseudophryne corroboree)
reported that carotenoid supplementation improved escape endurance during aquatic and
terrestrial escape-response trials in adult individuals (Silla et al., 2016). The present study aimed
to build on these findings by simultaneously investigating the effects of carotenoid
supplementation and regular exercise training on the terrestrial escape-response of adult P.
corroboree.
5.3 Methods
5.3.1 Study species
Pseudophryne corroboree is a small (2.5–3 cm, snout-vent length), long-lived (≤9 years in the
wild) anuran (family Myobatrachidae) endemic to the Snowy Mountain region of New South
Wales (Osborne, 1989, Osborne, 1991, Hunter et al., 2009). Pseudophryne corroboree is a slow
developing species that does not reach sexual maturity until approximately three years of age
(Osborne, 1991). Pseudophryne corroboree is relatively sedentary, and, as in other
Pseudophryne species, locomotion is characterised by slow crawling movements. However,
when threatened, frogs display escape-response behaviour by hopping short distances (Colefax,
1956, Silla et al., 2016). The diet of this species is known to consist of algae and detritus in the
larval life-stage, and insects in the adult life-stage (Osborne, 1991), all of which contain
carotenoids (Lichtenthaler, 1987, Eeva et al., 2010).
5.3.2 Husbandry and nutrition
Fertilised P. corroboree eggs were obtained from a captive breeding colony held at Melbourne
Zoo, Australia. Eggs were transported to the University of Wollongong on July 19, 2013.
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Following arrival, eggs were stimulated to hatch via flooding with reverse-osmosis (R.O.)
water. During development (larval life-stage) and adulthood (post-metamorphic life-stage),
animals were housed individually according to husbandry protocols described elsewhere
(McInerney et al., 2016, Silla et al., 2016). Briefly, larvae were assigned to either a carotenoidsupplemented dietary treatment or an unsupplemented dietary treatment upon hatching (n = 23
larvae per treatment). The unsupplemented larval dietary treatment consisted of 2 g of ground
fish flakes (75:25 mixture of Sera Flora/Sera Sans) suspended in 20 ml of R.O. water and drawn
into syringes to allow for even proportionment of food among individuals. The unsupplemented
larval dietary treatment contained low levels of total carotenoids (0.015 mg g-1) (see Silla et al.,
2016 for details). The carotenoid-supplemented larval dietary treatment consisted of the
unsupplemented diet plus 0.04 g of a carotenoid mixture containing 20 different carotenoid
pigments (Superpig; Rapashy®, CA, USA) (see Silla et al., 2016 for details). The carotenoid
dose and mix administered during the larval and adult life-stages was based on a previous study
in red-eyed tree frogs (Agalychnis callidryas) which found a positive effect of mixed
carotenoids on adult fitness-determining traits (Ogilvy et al., 2012a). Syringes containing food
for each dietary treatment were made in large batches, frozen, and thawed immediately prior to
feeding. Larvae received two droplets three times a week (range = 0.015 g–0.018 g dry mass)
for the first two months of the experimental period. After this time, food quantity was increased
to four droplets (range = 0.03 g–0.036 g dry mass) until the beginning of metamorphosis
(forelimb emergence: Gosner stage 42). While metamorphosis was occurring (Gosner stage 42–
46), individuals were not fed as re-absorption of the tail meets nutritional requirements during
this developmental period.
Once metamorphosis was complete, the adult unsupplemented dietary treatment
consisted of live Acheta domestica crickets twice weekly, such that food was available ad
libitum. Forty-eight hours prior to being fed to the frogs, crickets were fed pieces of grannysmith apple ad libitum. The carotenoid-supplemented dietary treatment also consisted of live
crickets, though crickets were fed pieces of carrot ad libitum 48 h prior to being fed to the frogs
as gut loading of prey items with carotenoid rich foods (like carrot) increases the overall
carotenoid content of the diet (Ogilvy et al., 2012b, Dugas et al., 2013). Crickets were also
dusted with 1 g of carotenoid mixture (Superpig; Rapashy®, CA, USA) immediately before
being offered to frogs. In total, the carotenoid-supplemented adult dietary treatment contained
1.152 mg g-1 of carotenoids (see Silla et al., 2016 for details). Once a week, crickets in both
dietary treatments were dusted with 0.2 g of calcium powder (ReptiCal, AristoPet, Australia) to
prevent frog developing calcium deficiencies. The carotenoid doses provided to frogs were
based on those previously used to investigate the effects of dietary carotenoids on growth and
development (Byrne and Silla, 2017), colouration (Umbers et al., 2016), escape-response
behaviour (Silla et al., 2016), and foraging efficiency (McInerney et al., 2016) in P. corroboree.
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Throughout the larval and adult life-stages, ambient temperature ranged from 10 to 20 °C and
was cycled to reflect natural seasonal changes including a hibernation period over winter.
Fluorescent lighting in the room was set to simulate a normal 11.5 h/12.5 h day/night cycle
experienced by P. corroboree in nature. Individuals were also provided with one hour of UV-B
light per day (1130–1230 h) provided by a Reptisun® (Zoo Med, Germany) UV-B light bulb
(36” fluorescent strip bulb) that was suspended approximately 20 cm above experimental
containers. UV-B light was provided to prevent frogs developing UV deficiencies, known to
negatively impact growth and development of anurans (Lannoo, 2008).
5.3.3 Exercise training and escape performance
Experimental trials were conducted from December 31, 2015 to February 5, 2016 when
individuals were approximately two years of age post metamorphosis. The terrestrial escape
performance of frogs (n = 23 per treatment) was quantified prior to training in week one, and
again after five consecutive weeks of repeat escape-response trials (training). Training was
conducted every Thursday and Friday between 0900 and 1300 h. Individuals from each
treatment were randomly assigned to a training day (either Thursday or Friday) and were given
a unique identification number so that treatment was unknown to the observer at the time of
experimentation. Each training day contained equal representatives from each dietary treatment,
and training order remained the same throughout experimental weeks to minimise temporal
effects. A training trial involved individuals being placed at the beginning of a plastic racetrack
(30 cm × 4 cm and 4 cm) and pursued by a model Alpine Copperhead snake (Austrelaps
ramsayi), a species found in the same range as P. corroboree. Prior to the commencement of
each escape-response trial, individuals were shielded from the snake by an opaque divider. Once
training began, the opaque divider was removed, and the snake was moved towards frogs using
an automated pulley system (Tamiya Corp., Aliso Viejo, CA, USA) powered by a 12 V 36 RPM
motor (Soanar, Sydney, NSW, Australia) and 12 V DC speed controller (Plus Switch mode
regulated plug pack, Powertech, Taiwan, China) to standardise attack speed. The speed of the
model predator remained constant for all trials (0.75 cm s-1). Methods used in the present study
were based on those previously used to investigate adult escape-response performance in P.
corroboree (Silla et al., 2016). During a previous study, I observed that individuals remained
active, with no signs of lethargy, after fleeing from the simulated predator. Based on this
observation, I assumed that the training regime imposed in the present study was not exhaustive.
However, because P. corroboree is a relatively sedentary species, the trials forced individuals to
move further and faster than observed during normal activity (McInerney, unpublished data).
For this reason, the level of training imposed was assumed to represent a moderate level of
exercise. After each trial, the racetrack was wiped clean with ethanol and R.O. water to ensure
any scent trails left from previous individuals were removed. Escape-response trials in week one
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(before training), and in week five (after training) were video recorded using a high definition
Sony Exmor R Handycam mounted to a tripod approximately 50 cm above the hopping track.
Videos from these weeks were later re-watched in Windows Movie Maker software and
following the first tap from the model snake I quantified; (1) hopping speed (cm s-1) (over the
first hop), (2) length of the first hop (cm), and (3) hopping distance (cm) (which included
multiple hops). Because individuals were housed in relatively small home containers, which
only require short crawls to move around, I expected that the change from this mode of
locomotion to quick hops needed for escape would make muscle tissue immediately susceptible
to ROS-induced damage (discussed in Blount and Matheson, 2006). When video recordings
were re-watched, blinded methods were used to ensure that dietary treatment was unknown to
the observer during data collection and analysis. Trials were conducted at a constant
temperature of 15 °C, and light settings followed a 11:13 h light: dark cycle, including a 15 min
dim-lighting period at both dawn and dusk.
5.3.4 Statistical analysis
To test the effect of dietary treatment on hopping speed, length of the first hop, and hopping
distance before and after the five-week training period, I ran three separate Wilcoxon 2-sample
test models. In each model, the explanatory variable was dietary treatment and the response
variable was either; hopping speed, length of the first hop, or hopping distance. To test for
within treatment effects on hopping speed, length of the first hop, and hopping distance before
and after training, I ran three separate Wilcoxon signed-rank tests for each treatment. In each
model, the explanatory variable was training week and the response variable was the
performance variable. Also, because performance in frogs can be influenced by body size,
regression analyses were used to examine the association between body mass and each
performance measure. Within each dietary treatment, body mass did not have a significant
influence on any of the performance measures examined. As such, body mass was not included
as a covariate in any of the subsequent statistical analyses. All analyses were conducted using
JMP Pro 11 (SAS Institute, Cary, NC, USA).
5.3.5 Ethical Note
All procedures described in this study were conducted following evaluation and approval of the
University of Wollongong’s Animal Ethics Committee (approved number AE 13/13). All
experimental procedures followed ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines.
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5.4 Results
5.4.1 Hopping speed (cm s-1)
Carotenoid supplemented individuals performed significantly better than unsupplemented
individuals in week one prior to training (Wilcoxon test, N = 23, Z = -2.32, P = 0.02; Fig. 16A)
(total mean ± SEM; 3.79 ± 0.54). After the five-week training period, the performance of frogs
in each treatment was statistically similar (Wilcoxon test, N = 23, Z = 0.71, P = 0.48; Fig. 16A)
(total mean ± SEM; 4.42 ± 0.67). Between weeks one and five the hopping speed of frogs in the
unsupplemented dietary treatment improved significantly after training (Wilcoxon signed-rank
test, N = 23, T22 =2.50, P = 0.01), while the hopping speed of carotenoid-supplemented frogs did
not improve significantly after training (Wilcoxon signed-rank test, N = 23, T22 = -0.93, P =
0.46) (Fig. 16A).
5.4.2 Length of the first hop (cm)
Carotenoid supplemented individuals performed significantly better than unsupplemented
individuals in week one, prior to training (Wilcoxon test, N = 23, Z = -2.27, P = 0.02; Fig. 16B)
(total mean ± SEM; 1.20 ± 0.15). After the five-week training period, the performance of frogs
in each treatment was statistically similar (Wilcoxon test, N = 23, Z = -0.73, P = 0.46; Fig. 16B)
(total mean ± SEM; 1.26 ± 0.17). Between weeks one and five, there was no significant change
in the length of the first hop exhibited by frogs in either the unsupplemented dietary treatment
(Wilcoxon signed-rank test, N = 23, T22 = 1.32, P = 0.19), or the carotenoid-supplemented
dietary treatment (Wilcoxon signed-rank test, N = 23, T22 = -0.67, P = 0.59) (Fig. 16B).
5.4.3 Hopping distance (cm)
Carotenoid supplemented individuals performed significantly better than unsupplemented
individuals in week one, prior to training (Wilcoxon test; N = 23, Z = -2.06, P = 0.04; Fig. 16C)
(total mean ± SEM; 3.61 ± 0.71). After the five-week training period, the performance of frogs
in each treatment was statistically similar (Wilcoxon test, N = 23, Z = -0.09, P = 0.93; Fig. 16C)
(total mean ± SEM; 4.86 ± 1.06). Between weeks one and five, there was no significant change
in the hopping distance of frogs in either the unsupplemented dietary treatment (Wilcoxon
signed-rank test, N = 23, T22 =1.47, P = 0.14) or the carotenoid-supplemented dietary treatment
(Wilcoxon signed-rank test, N = 23, T22 = 0.09, P = 0.86) (Fig. 16C).
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Fig. 16. Effect of carotenoid supplementation and exercise training on (a) hopping speed (cm s1

), (b) length of the first hop (cm), and (c) hopping distance (cm) in P. corroboree (N = 23 frogs

per treatment). Data are untransformed means ± SEM. * denotes a significant difference
between treatment groups.
5.5 Discussion
Despite a growing number of studies investigating the effects of dietary antioxidant
supplementation on animal escape-response behaviour, few have considered the combined
effects of dietary supplementation and exercise training on escape performance. The present
study tested the effects of exercise training and dietary carotenoid supplementation on escaperesponse performance of adult southern corroboree frogs, Pseudophryne corroboree. Results
show that carotenoid-supplemented individuals outperformed unsupplemented individuals in
initial escape-response trials (prior to exercise training). These results are consistent with a
previous study in adult P. corroboree, which reported improved exercise endurance during
aquatic and terrestrial escape-response trials in individuals receiving long-term dietary
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carotenoid supplementation (Silla et al., 2016). However, following five weeks of regular
training, the performance of carotenoid-supplemented frogs remained relatively constant, while
the performance of unsupplemented frogs tended to improve. As such, at the end of the training
period the performance of frogs became statistically similar across all three response variables
(initial hopping speed, length of the first hop, and hopping distance).
Within treatment groups, the performance of unsupplemented individuals did not
significantly change in regard to length of the first hop or hopping distance, but showed a
significant improvement in hopping speed, with average speed almost doubling between trial
week one and five. The observed increase in hopping speed may have been a result of the
upregulation of endogenous antioxidants improving overall antioxidant capacity. However, this
conclusion will remain speculative until levels of ROS and endogenous antioxidants are
quantified following training episodes to demonstrate a causal relationship between carotenoid
intake and improved performance. Nevertheless, moderate levels of ROS, generated during
regular low to moderate intensity exercise training, have previously been shown to stimulate the
activity of the endogenous antioxidant system (Oztasan et al., 2004, Gomez Cabrera et al., 2008,
Metcalfe and Alonso-Alvarez, 2010). Once activated, endogenous antioxidants such as
superoxide dismutase, peroxidase, and glutathione, bind to, and stabilise ROS to reduce
oxidative stress (Oztasan et al., 2004, Powers et al., 2004, Gomez-Cabrera et al., 2008, Peternelj
and Coombes, 2011). Training-induced reductions in oxidative stress may improve overall
performance by limiting DNA damage and aiding with muscle recovery. For example, a study
in the African clawed frog, Xenopus laevis, reported that frogs exposed to daily swim training
improved in their sprint performance, such that the time taken to swim a distance of 1.5 m
decreased by 30% over an 18-day training period (Miller and Camilliere, 1981). Trained frogs
also exhibited significantly lower concentrations of lactate in muscle tissue compared to
untrained controls, suggesting better muscle recovery in trained individuals (Miller and
Camilliere, 1981).
While trained frogs in the present study showed improved terrestrial escape
performance, I did not see the same training-induced improvement in performance in
carotenoid-supplemented individuals. It has previously been suggested that dietary antioxidant
supplementation may interfere with the benefits of exercise training by limiting the ability of
cells to adapt to increases in ROS, and inhibiting the upregulation of endogenous antioxidants
(Oztasan et al., 2004, Gomez Cabrera et al., 2008). My results are consistent with a growing
number of studies in mammalian models that have reported the benefits of exercise training on
improving antioxidant capacity and performance, and that dietary antioxidant supplementation
during training limits these performance improvements (reviewed in Peternelj and Coombes,
2011).
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To date, only two studies have investigated the impact of exercise training and dietary
antioxidant supplementation on the anti-predatory escape performance of animals, and the
results differ for the current study (Arnold et al., 2010, Larcombe et al., 2010). Research on
budgerigars has shown that exercise training improves escape-response, and that these positive
effects are further enhanced in birds that also received a dietary antioxidant supplement (Arnold
et al., 2010, Larcombe et al., 2010). The contrasting findings might be explained by differences
in the intensity of exercise training imposed. Although regular moderate exercise often results in
improved performance by allowing the body to become more resistant to oxidative challenges,
the impact of acute exercise is typically very different (Peternelj and Coombes, 2011). Vigorous
or exhaustive exercise can lead to extreme increases in ROS production, which can overwhelm
and exceed the capacity of the endogenous antioxidant system, with the result that the benefits
of dietary supplements are more likely to be observed (Metcalfe and Alonso-Alvarez, 2010).
The two studies that assessed the effect of training and antioxidant supplementation on escaperesponse performance in budgerigars exposed birds to six repeat take-off flights over eight to
nine weeks of consecutive training (Arnold et al., 2010, Larcombe et al., 2010). The training
regime in these studies was designed to be exhaustive, and, as a result, the escape-response
training that budgerigars experienced was of a much higher intensity than the escape-response
training experienced by frogs in the present study. Frogs were only subjected to a single, nonexhaustive, escape-response trial once every seven days for five consecutive weeks of training,
so the exercise training imposed was both of lower intensity and occurred over a shorter time
period. Consequently, ROS generation may have been much lower and the antioxidant
requirements of frogs may have been met through the upregulation of endogenous antioxidants
without any additional benefits of dietary antioxidant supplementation. Furthermore, it is
important to note that the antioxidant requirements of P. corroboree may differ to other taxa,
and, in particular, other anurans. Pseudophryne corroboree is a relatively sedentary species and
individuals only crawl or take short hops when threatened (Colefax, 1956, Silla et al., 2016). We
might expect more mobile anuran species to have higher metabolic rates, and, therefore, higher
antioxidant requirements. In order to ascertain whether ROS generation and antioxidant capacity
differs depending on the intensity and frequency of escape-response trials imposed, future
studies would benefit from quantifying ROS production and oxidative stress in response to
training and dietary supplementation.
Overall, results from the present study provide preliminary evidence for an interaction
between exercise training and dietary antioxidant supplementation on escape performance in the
southern corroboree frog. In regard to hopping speed, my results show that exercise training
improved the speed of unsupplemented, but not carotenoid-supplemented individuals. Data
provide a first step towards better understanding the influence of endogenous and exogenous
sources of antioxidants on amphibian anti-predatory escape-response behaviour. The benefits of
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exogenous antioxidant supplements on escape-response behaviour are likely to be taxa specific
and related to the intensity of exercise imposed. Future research would benefit from
investigating the influence of exercise training and antioxidant supplementation on escape
performance in a wider range of taxa that have different energetic costs of escape-response
behaviour. Future studies would also benefit from quantifying ROS production and oxidative
stress in response to training and dietary supplementation. Gaining this information would
advance our understanding of the influence of dietary antioxidants and exercise training on
individual escape performance.
5.6 Acknowledgements
Shannon Kelleher is thanked for her assistance with frog husbandry and data collection. I also
acknowledge the support of Dr. Dave Hunter, Department of Planning, Industry and
Environment (DPIE NSW) Threatened Species Officer and member of the Corroboree Frog
Recovery Team.
5.7 Funding
This study was funded by grants from the Australian Research Council (Linkage Grant
LP140100808) and the NSW Environmental Trust (Grant No. 2012/RD/0105) awarded to PB
and AS, in addition to an Australian Government Research Training Program Scholarship
awarded to EM.
5.8 References
Aoi, W., Naito, Y., Sakuma, K., Kuchide, M., Tokuda, H., Maoka, T., Toyokuni, S., Oka, S.,
Yasuhara, M. & Yoshikawa, T. 2003. Astaxanthin limits exercise-induced skeletal and cardiac
muscle damage in mice. Antioxid Redox Signal, 5, 139-144.
Arnold, K. E., Larcombe, S. D., Ducaroir, L. & Alexander, L. 2010. Antioxidant status, flight
performance and sexual signalling in wild-type parrots. Behav Ecol Sociobiol, 64, 1857-1866.
Blount, J. D. & Matheson, S. M. 2006. Effects of carotenoid supply on escape flight responses
in zebra finches, Taeniopygia guttata. Anim Behav, 72, 595-601.
Byrne, P. G. & Silla, A. J. 2017. Testing the effect of dietary carotenoids on larval survival,
growth and development in the critically endangered southern corroboree frog. Zoo Biol, 36,
161-169.
Colefax, A. 1956. New information on the corroboree frog (Pseudophryne corroboree Moore).
Proc Linn Soc NSW, 80, 258-266.

119

Cummings, J. W. 1979. Physiological and Biochemical Adaptations to Training in Rana
pipiens. J Comp Physiol, 134, 345-350.
Dugas, M. B., Yeager, J. & Richards-Zawacki, C. L. 2013. Carotenoid supplementation
enhances reproductive success in captive strawberry poison frogs (Oophaga pumilio). Zoo Biol,
32, 655-658.
Edmunds, M. 1974. Defence in Animals: A Survey of Anti-Predator Defences, Longman,
London, UK.
Eeva, T., Helle, S., Salminen, J. P. & Hakkarainen, H. 2010. Carotenoid composition of
invertebrates consumed by two insectivorous bird species. J Chem Ecol, 36, 608-613.
Gomez-Cabrera, M.-C., Domenech, E. & Viña, J. 2008. Moderate exercise is an antioxidant:
Upregulation of antioxidant genes by training. Free Radic Biol Med, 44, 126-131.
Hunter, D., Pietsch, R., Marantelli, G., McFadden, M. & Harlow, P. 2009. Field research,
recovery actions, and recommendations for the southern corroboree frog (Pseudophryne
corroboree) recovery program: 2007-2009. Murray Catchment Management Authority, NSW,
Australia.
Isaksson, C., Sheldon, B. & Uller, T. 2011. The challenges of integrating oxidative stress into
life-history biology. Bioscience, 61, 194-202.
Lannoo M. 2008. Malformed frogs: the collapse of aquatic ecosystems. University of California
Press, Berkley, CA, USA.
Larcombe, S. D., Coffey, J. S., Bann, D., Alexander, L. & Arnold, K. E. 2010. Impacts of
dietary antioxidants and flight training on post-exercise oxidative damage in adult parrots.
Comp Biochem Physiol B Biochem Mol Biol, 155, 49-53.
Lichtenthaler, H. K. 1987. Chlorophylls and Carotenoids - Pigments of Photosynthetic
Biomembranes. Methods Enzymol, 148, 350-382.
McInerney, E. P., Silla, A. J. & Byrne, P. G. 2016. The influence of carotenoid supplementation
at different life-stages on the foraging performance of the Southern Corroboree frog
(Pseudophryne corroboree): A test of the Silver Spoon and Environmental Matching
Hypotheses. Behav Processes, 125, 26-33.

120

Metcalfe, N. B. & Alonso‐Alvarez, C. 2010. Oxidative stress as a life‐history constraint: the role
of reactive oxygen species in shaping phenotypes from conception to death. Funct. Ecol., 24,
984-996.
Miller, K. & Camilliere, J. J. 1981. Physical training improves swimming performance of the
African clawed frog Xenopus laevis. Herpetologica, 37, 1-10.
Ogilvy, V., Preziosi, R. F. & Fidgett, A. L. 2012a. A brighter future for frogs? The influence of
carotenoids on the health, development and reproductive success of the red-eye tree frog. Anim
Conserv, 15, 480-488.
Ogilvy, V., Fidgett, A. L. & Preziosi, R. F. 2012b. Differences in carotenoid accumulation
among three feeder-cricket species: implications for carotenoid delivery to captive insectivores.
Zoo Biol, 31, 470-478.
Osborne, W. S. 1989. Distribution, relative abundance and conservation status of corroboree
frogs, Pseudophryne corroboree Moore (Anura, Myobatrachidae). Australian Wildlife
Research, 16, 537-547.
Osborne, W. S. 1991. The biology and management of the Corroboree Frog (Pseudophryne
corroboree) in NSW, NSW National Parks and Wildlife Service, Hurstville, NSW, Australia.
Oztasan, N., Taysi, S., Gumustekin, K., Altinkaynak, K., Aktas, O., Timur, H., Siktar, E., Keles,
S., Akar, S., Akcay, F., Dane, S. & Gul, M. 2004. Endurance training attenuates exerciseinduced oxidative stress in erythrocytes in rat. Eur J Appl Physiol, 91, 622-627.
Peternelj, T. T. & Coombes, J. S. 2011. Antioxidant supplementation during exercise training:
beneficial or detrimental? Sports Med, 41, 1043-1069.
Powers, S. K., DeRuisseau, K. C., Quindry, J. & Hamilton, K. L. 2004. Dietary antioxidants and
exercise. J Sports Sci, 22, 81-94.
Radak, Z., Chung, H. Y. & Goto, S. 2008. Systemic adaptation to oxidative challenge induced
by regular exercise. Free Radic Biol Med, 44, 153-159.
Ryan, M. J., Dudash, H. J., Docherty, M., Geronilla, K. B., Baker, B. A., Haff, G. G., Cutlip, R.
G. & Alway, S. E. 2010. Vitamin E and C supplementation reduces oxidative stress, improves
antioxidant enzymes and positive muscle work in chronically loaded muscles of aged rats. Exp
Gerontol, 45, 882-895.

121

Sacheck, J. M., Decker, E. A. & Clarkson, P. M. 2000. The effect of diet on vitamin E intake
and oxidative stress in response to acute exercise in female athletes. Eur J Appl Physiol, 83, 4046.
Shafat, A., Butler, P., Jensen, R. L. & Donnelly, A. E. 2004. Effects of dietary supplementation
with vitamins C and E on muscle function during and after eccentric contractions in humans.
Eur J Appl Physiol, 93, 196-202.
Silla, A. J., McInerney, E. P. & Byrne, P. G. 2016. Dietary carotenoid supplementation
improves the escape performance of the southern corroboree frog. Anim Behav, 112, 213-220.
Umbers, K. D. L., Silla, A. J., Bailey, J. A., Shaw, A. K. & Byrne, P. G. 2016. Dietary
carotenoids change the colour of Southern corroboree frogs. Biol J Linnean Soc, 119, 436-444.
Urso, M. L. & Clarkson, P. M. 2003. Oxidative stress, exercise, and antioxidant
supplementation. Toxicology, 189, 41-54.

122

_____________________________________________________
Chapter 6
General discussion
_____________________________________________________

123

6.1 Research framework
Globally, it is estimated that more than 40% of known amphibian species are threatened with
extinction (IUCN, 2018). As such, the establishment of ex situ conservation breeding programs
(CBPs) is a major recommendation by The International Union for Conservation of Nature
(IUCN) for the management of threatened species (Gascon et al., 2007). The southern

corroboree frog (Pseudophryne corroboree) is one of Australia’s most critically endangered
vertebrate species, and, as of 2017, wild populations were estimated to comprise of less than 50
individuals (Hunter et al., 2018). Because of this, P. corroboree is the subject of an ongoing
CBP, under the management of the NSW Department of Planning, Industry and Environment
(DPIE NSW), Taronga Conservation Society (NSW), and Zoos Victoria (VIC) (Hunter et al.,
2018). Positive changes to captive nutrition are likely to increase captive breeding success of P.
corroboree and the likelihood that captive-reared individuals will contribute to the
establishment of self-sustaining wild populations. In this thesis, my broad aim was to investigate
the effect of dietary carotenoid supplementation on the growth, development, and exercise
performance of captive reared P. corroboree. My specific aims were twofold. First, I aimed to
investigate the effect of carotenoid class and dose on the growth and development (chapter two),
and escape-response performance (chapter three) of larval P. corroboree. Second, I aimed to
investigate the influence of carotenoid supplementation on the exercise performance
(encompassing escape-response and general activity) of P. corroboree during the larval lifestage (chapter three), as well as during the adult life-stage under two different physiological
contexts: (1) hibernation (chapter four) and (2) exercise training (chapter five). In each of these
chapters, I discuss how the results of my work contribute to our wider understanding of the role
of antioxidants in organismal function. Furthermore, I make explicit recommendations for
future studies investigating the effect of carotenoid supplementation on fitness-determining
traits. Overall, I found that carotenoid supplementation has a varied and dynamic effect on each
of the fitness-determining traits examined. This is likely due to several factors, including the
carotenoid class and dose administered, as well as the life-stage and physiological context under
which individuals were tested. Below I will discuss the potential influence of each of these
factors in detail.
6.2 Importance of carotenoid class and dose
Carotenoid class and dose are two factors that are predicted to strongly influence the effects of
dietary carotenoid supplementation on fitness-determining traits, although, they have been
largely ignored in past studies. The first broad aim of this thesis was to investigate the effect of
both carotenoid class and dose on the growth and development (chapter two), and escaperesponse performance (chapter three) of larval P. corroboree. In chapter two, I found evidence
for an effect of both carotenoid class and dose on the development of larval P. corroboree.
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While carotenoid supplementation had no effect on the growth of larval P. corroboree,
individuals fed a diet supplemented with a high dose of β-carotene metamorphosed significantly
faster than all other dietary treatments, indicating that the effect of carotenoid supplementation
on the development of P. corroboree larvae was class and dose dependent. Furthermore, while
the burst speed of lutein-supplemented larvae was lower in late larval development, the escaperesponse performance (measured as burst speed and distance travelled) of larval P. corroboree
did not differ between dietary treatments during either early or late larval development (chapter
three). Taken together, the results of chapters two and three indicate that the effects of
carotenoid class and dose may be trait specific.
Dietary supplementation with β-carotene likely affected the development, but not the
escape-response of larval P. corroboree because the difference in molecular structure between
carotenoid classes is expected to dictate effects on fitness-determining traits. β-carotene may
expedite development because its derivative, retinoic acid, is important for the activation of
genes that control the development of the limbs and lung tissue, and the central nervous system
(CNS) (Blomhoff and Blomhoff, 2006). For anurans, the process of metamorphosis involves
drastic changes to gill, gut, and limb morphology (Menon and Rozman, 2007). Dietary βcarotene supplementation may accelerate extensive systemic morphological changes, which
may allow individuals to transition through metamorphic climax faster. Furthermore, β-carotene
(among other carotenes) is known to be a highly effective antioxidant (Miller et al., 1996). The
arrangement of conjugated bonds and low polarity of carotenes, aids in electron transfer
between oxygen radicals, which improves their ability to quench ROS (Miller et al., 1996, Stahl
and Sies, 2003). The process of metamorphosis increases ROS production (Menon and Rozman,
2007), and during metamorphic climax the generation of endogenous antioxidants can decrease
and oxidative stress increase (Menon and Rozman, 2007). β-carotene may effectively quench
ROS and reduce oxidative damage to DNA, cells, and tissue, allowing for a faster transition
through metamorphosis (Miller et al., 1996, Stahl and Sies, 2003, Stahl and Sies, 2005, Menon
and Rozman, 2007). The presence of β-carotene in the diet may improve the capacity for
individuals to undertake drastic morphological changes more quickly, while also decreasing
oxidative damage.
In this thesis, I found no influence of carotenoid class on the escape-response
performance of larval P. corroboree (chapter three). One explanation for this result may be that
mixed carotenoids are more effective at improving escape-response performance than a single
carotenoid alone. Previous studies reporting a positive effect of carotenoid supplementation on
single bouts of exercise performance have invariably supplemented individuals with carotenoid
mixes (Blount and Matheson, 2006, Larcombe et al., 2008, Silla et al., 2016). While there is
some evidence that carotenoids received in combination can have an antagonistic effect on
fitness-determining traits (Palozza, 1998), they may also have a positive effect on certain traits.
125

In fact, the mixture of multiple carotenoids, or carotenoids received in combination with other
dietary antioxidants (i.e. vitamin E), has been shown to be more effective at protecting against
oxidative stress than individual carotenoids administered in isolation (reviewed by Stahl and
Sies, 2005). This may be the case for acute escape-response, particularly because this activity
generates a high level of ROS, which may not be completely quenched by a single dietary
antioxidant. However, another possibility is that individuals in this study were not supplemented
with the most appropriate carotenoid for improving escape-response performance. To date, there
are no studies that have systematically tested the effect of different individual carotenoids
compounds (in isolation) on exercise performance. Therefore, the importance of certain
carotenoid types remains unknown. As such, future studies should consider designing
experiments that simultaneously test the effect of individual carotenoids (received in isolation)
and combinations of carotenoids (i.e. carotenoid mixes) on various fitness-determining traits to
elucidate the potentially variable effects of different carotenoids.
In addition to class effects, the results of this thesis indicate that the effect of dose may be
trait specific. As predicted, I found an effect of carotenoid dose on the development of P.
corroboree (chapter two), however, I detected no dose effects on larval escape-response
performance (chapter three). Based on optimisation theory, we expect that the effect of
carotenoid supplementation on fitness-determining traits will be dose dependent, and that
supplementation outside an optimal dose may result in diminished or detrimental effects (Cucco
et al., 2006, Cothran et al., 2015). It is likely that the optimal dose required for different fitnessdetermining traits varies significantly. This could be for several reasons. First, target tissues may
absorb carotenoids differently, so dose requirements may differ between tissue types. Indeed,
past studies have shown that the distribution and accumulation of carotenoids varies between
tissue types (Ferreira et al., 2000, Surai et al., 2001, Mohr et al., 2019). Furthermore, there is
empirical evidence to show that only small amounts of total carotenoids accumulate in muscle
tissue (Bendich and Olson, 1989), and that this accumulation can take up to three weeks from
the time of consumption to be detected (Yamanushi and Igarashi, 1995). Therefore, it is highly
likely that the carotenoid dose required to alter muscle tissue function would need to be
relatively high in comparison to other tissues. In chapter three, the carotenoid dose provided to
larvae may have been too low to have any detectable effect on escape-response performance,
which relies primarily on the use of muscle tissue.
Carotenoid dose may also be trait specific because the carotenoids requirements of traits
may vary depending on how energetically costly they are to produce and maintain. For instance,
traits that are costly to produce (such as carotenoid-based ornamentation) may require higher
doses of carotenoids to maintain than less costly traits (Pérez‐Rodríguez, 2009, Koch et al.,
2016). Levels of ROS produced during metamorphic climax (from hindlimb appearance) are
typically high (Menon and Rozman, 2007), which may explain why there was a beneficial effect
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of carotenoids on development in chapter two. In contrast, the escape-response experienced by
P. corroboree larvae in chapter three may not have been strenuous enough to benefit from
carotenoid supplementation. If so, the antioxidant requirements of larvae during escaperesponse trials may have been met by the endogenous antioxidant system alone. The novelty of
this thesis is that I have provided the first steps towards understanding the effect of carotenoid
dose on different fitness-determining traits. Future studies should now build on this knowledge
by comparing the effect of carotenoid dose on several fitness-determining traits. Studies should
endeavour to compare circulating carotenoid concentrations and ROS production in target
tissues to conclusively ascertain whether the effect of carotenoid dose is trait specific. Further to
this, future studies could build upon the findings of this thesis by investigating how single
carotenoids, carotenoid/antioxidant mixtures, and carotenoids received at different doses differ
in their effects on various fitness-determining traits. This work would advance our
understanding of the importance of carotenoid choice in supplementation studies and will assist
in removing any discrepancies relating to the relative importance of carotenoids to fitnessdetermining trait. This may be particularly helpful for managers of captive animal populations
interested in enhancing captive performance in a cost effective and efficient manner. It is
expected that such work would make important contributions to the field of animal nutrition.
There are also several alternative explanations as to why I found a differing effect of
carotenoid class and dose on development and escape-response performance in larval P.
corroboree. First, there may have been a developmental trade-off among traits during
development, which resulted in circulating carotenoids invested into rapid development before
escape-response. A trade-off between rapid growth and swimming efficiency in anuran larvae
has been shown (Arendt, 2003), however, the potential for a trade-off between metamorphic
development and locomotory performance is yet to be investigated. Future studies should aim to
investigate the mechanistic link between rapid development and escape-response in larval
anuran species, and how supplementation with antioxidants may affect developmental trade-offs
among traits. Saying this, another explanation for my finding that carotenoids did not improve
larval escape-response performance is that the effect of carotenoid supplementation on escaperesponse performance is life-stage dependent. This argument is developed further below (see
section 6.3).
6.3 Importance of life-stage and physiological context
Previous studies investigating the effect of dietary carotenoids on exercise performance in adult
vertebrates have found that dietary carotenoids can reduce oxidative stress and improve
performance (Blount and Matheson, 2006, Larcombe et al., 2008, Silla et al., 2016). However,
what studies have mostly failed to consider is how the effect of carotenoid supplementation on
exercise performance may change with both life-stage, and the physiological context. Due to
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this gap in knowledge, the second specific aim of this thesis was to investigate the effect of
carotenoid supplementation on the exercise performance of P. corroboree during the larval lifestage (chapter three), and during the adult life-stage under two different physiological contexts:
(1) hibernation (chapter four) and (2) exercise training (chapter five). I found no effect of
carotenoid supplementation on larval escape-response performance alone (chapter three),
despite a previous study in adult P. corroboree showing a positive effect of carotenoids on
escape-response. Furthermore, I found that carotenoid supplementation influenced the posthibernation exercise performance of adult P. corroboree (chapter four), but that exercise
training was as beneficial to adult exercise performance as carotenoid supplementation (chapter
five). These results suggest that the effect of carotenoid supplementation on exercise
performance is critically dependent on the physiological conditions under which individuals are
tested.
My finding that dietary carotenoids did not influence larval escape-response performance
are in direct contrast to a previous study in adult P. corroboree, which showed that carotenoid
supplementation benefited escape-response performance (Silla et al., 2016). As such, there is
reason to believe that the effect of carotenoid supplementation on escape-response performance
may be life-stage dependent. This may be for several reasons. First, the positive effect of
carotenoids on escape-response may not be apparent in larval individuals because they do not
have access to carotenoid-rich diets, and therefore have not developed the ability to process
carotenoids. However, given my finding that carotenoid supplementation expedites time to
metamorphosis in P. corroboree (chapter two), it seems highly unlikely that larvae are unable to
process and utilise carotenoids. An alternative, and more likely, explanation is that the
endogenous antioxidant system of P. corroboree is highly developed in the larval life-stage, and
that individuals do not rely on exogenous supplementation with carotenoids. Past studies have
shown that the endogenous antioxidant system of some anuran larvae is highly developed from
a very early age (Rizzo et al., 2007), which may act to decrease oxidative damage (GomezMestre et al., 2013). As such, larval individuals may not need to rely on exogenous antioxidant
supplementation to neutralise ROS. Saying this, another explanation for the differing effects in
the escape-response performance of larval and adult P. corroboree is that the exogenous
antioxidant requirements of adult individuals may be substantially higher than those of juvenile
(larval) individuals. There is emerging evidence to suggest that the costs of oxidative stress may
be cumulative throughout life, and, because of this, we might expect the antioxidant
requirements of older individuals to increase (Monaghan et al., 2009, Metcalfe and Alonso‐
Alvarez, 2010, Selman et al., 2012). Furthermore, the antioxidant defences of older individuals
may decrease over time (Metcalfe and Alonso‐Alvarez, 2010). As a result, older individuals
may experience higher levels of oxidative stress (Metcalfe and Alonso‐Alvarez, 2010), which
may increase exogenous antioxidant requirements. In order to determine how the effect of
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dietary carotenoids on fitness-determining traits changes between the juvenile and adult lifestage, it will be important for future studies to investigate how the endogenous versus
exogenous antioxidant requirements of individuals change across life-stages. This could be done
by supplementing individuals with carotenoids over their entire lifespan and testing circulating
endogenous and exogenous antioxidants, and levels of oxidative stress periodically.
In addition to the apparent life-stage effects observed in this thesis, I also found that the
effect of carotenoid supplementation on exercise performance was dependent on the
physiological conditions (and likely level of stress) under which individuals were tested. I
observed that carotenoid supplementation influenced adult exercise performance following
recovery from hibernation (chapter four), but that when exercise was repeated regularly, the
effect of exercise training matched the benefits of carotenoid supplementation (chapter five).
Dietary supplementation with carotenoids may be beneficial to individuals if exercise is
performed in a single bout, if exercise is acute, or when individuals face additional stress that
the endogenous antioxidant system cannot meet alone (e.g. post-hibernation stress) (Metcalfe
and Alonso‐Alvarez, 2010). Indeed, intense exercise has been shown to produce an
overproduction of ROS that cannot be met by endogenous antioxidants alone (Metcalfe and
Alonso‐Alvarez, 2010). Therefore, during periods of intense exercise, supplementation with
carotenoids (exogenous antioxidants) may help to maintain the balance between ROS
generation and detoxification, which can help to improve performance (Metcalfe and Alonso‐
Alvarez, 2010, Powers et al., 2011). To date, several studies in mammals, birds, and amphibians
have shown that carotenoid supplementation can reduce oxidative stress, oxidative damage to
DNA and muscle tissue, and/or improve physiological performance following acute exercise
(Blount and Matheson, 2006, Larcombe et al., 2008, Arnold et al., 2010, Wawrzyniak et al.,
2013, Silla et al., 2016). Because arousal and recovery from hibernation generate high levels of
ROS that can lead to oxidative stress (Bagnyukova et al., 2003, Hermes-Lima et al., 2015), it is
likely that the endogenous antioxidant system alone was unable to cope with the stress
experienced by P. corroboree following hibernation (chapter four). Because of this,
supplementation with exogenous antioxidants may have aided in post-hibernation recovery and
performance. However, if exercise occurs regularly, then the body’s endogenous antioxidant
system can be upregulated to cope with stress (Metcalfe and Alonso‐Alvarez, 2010, Peternelj
and Coombes, 2011), which may negate the need for exogenous antioxidant supplementation.
In this thesis, I found that when exercise was repeated regularly, the benefits of training
matched those of carotenoid supplementation (chapter five). This may have occurred because
ROS acted as an antioxidant, which can occur when physiological stress is mild, or when
exercise is repeated regularly, and low levels of ROS are generated (Metcalfe and Alonso‐
Alvarez, 2010, Peternelj and Coombes, 2011). Small amounts of ROS, like that generated
during regular exercise, stimulate the activation of the endogenous antioxidant system
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(comprised of antioxidants such as superoxide dismutase, peroxidase and glutathione), which is
known to benefit performance (Oztasan et al., 2004, Gomez-Cabrera et al., 2008, Metcalfe and
Alonso‐Alvarez, 2010). Furthermore, over the long-term, supplementation with carotenoids may
limit the upregulation of endogenous antioxidants and reduce training-induced benefits
(Metcalfe and Alonso‐Alvarez, 2010, Peternelj and Coombes, 2011). In chapter five, carotenoid
supplementation likely inhibited the upregulation of endogenous antioxidants, which may
explain why I found no long-term increase in the benefits of carotenoids to exercise
performance. The results of chapters four and five highlight the importance of physiological
context when studying the effect of carotenoid supplementation on exercise performance.
Continued investigating into the mechanistic link between physiological context and
performance is now required. Future studies would benefit from testing the effect of carotenoid
supplementation under various highly challenging physiological contexts, such as after periods
of estivation, reproduction, or during senescence; all of which generate significant ROS
(Metcalfe and Alonso‐Alvarez, 2010, Hermes-Lima et al., 2015).
6.4 Broad contribution to knowledge of the effects of carotenoids on performance
In this thesis, I have presented the results of a series of manipulative experiments that explored
the effect of carotenoid supplementation on growth and development, and exercise performance.
My major finding was that the effect of carotenoids on fitness-determining traits is highly
variable and depends on the testing environment individuals experience. Taken together, this
information is important as it draws attention to the possibility that the equivocal findings of
past carotenoid supplementation studies may be due (at least in part) to the carotenoid class and
dose administered, and the life-stage, and physiological context under which individuals are
tested. Studies have slowly begun to consider the importance of carotenoid dose (see Wang et
al., 2006, Koch et al., 2016, Szuroczki et al., 2016, Keogh et al., 2018), and how the effect of
exogenous antioxidants on exercise performance may change with exercise intensity and
regularity (see Radak et al., 2008, Metcalfe and Alonso‐Alvarez, 2010 and references within).
However, few studies have empirically investigated how the effect of carotenoid
supplementation may change with life-stage (but see Ogilvy et al., 2012, Keogh et al., 2018), or
to what extent the effect of dietary carotenoids on fitness-determining traits is dependent on the
carotenoid class administered (but see Wang et al., 2006). Clearly, continued investigation into
the influence of these factors on organismal performance will be needed to elucidate the general
effect of these factors on fitness-determining traits. Future studies would benefit strongly from
measuring blood, plasma, and tissue levels of ROS to deepen our understanding of the complex
relationship between endogenous and exogenous antioxidants, oxidative stress, and how this
affects the physiology and behaviour of animals. While I was unable to quantify the levels of
ROS generated by individuals in this thesis (due to the critically endangered status of P.
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corroboree), it would be valuable for future studies to do this, while also quantifying
antioxidant activity and identifying when individuals are experiencing oxidative stress.
Notably, this thesis adds to a small but growing body of literature investigating the effect
of carotenoid supplementation on multiple fitness-determining traits in anuran amphibians (see
Ogilvy, 2011, Cothran et al., 2015, Keogh, 2018). Previous studies investigating the effect of
carotenoid supplementation on multiple fitness-determining traits have largely occurred in birds
(Blount et al., 2003, Cucco et al., 2006, McGraw and Klasing, 2006, Costantini et al., 2007,
Baeta et al., 2008, Arnold et al., 2010, Butler and McGraw, 2012, Rajput et al., 2013, Marri and
Richner, 2014). However, in order to understand the generality of the influence of carotenoids
on traits expected to directly influence organismal fitness, empirical studies spanning a greater
diversity of species (representing a greater diversity of taxonomic groups) will be needed. I
predict that such work will reveal that the effect of carotenoid supplementation is species
specific. For instance, it has been shown that species differ in their ability to absorb and convert
carotenoids from the diet into secondary compounds (Grether et al., 1999, Tella et al., 2004),
which may be based on their phylogeny and/or interspecific differences in body size (Tella et
al., 2004). Furthermore, herbivorous species may acquire more carotenoids through diet than
omnivorous or carnivorous species (as proposed by Tella et al., 2004). The physiological
requirements for carotenoids can also be expected to differ between species. For example,
species with costly ornamental colouration might require a greater amount of carotenoids for
optimal functioning than dull coloured species (Pérez‐Rodríguez, 2009, Koch et al., 2016).
Clearly, experimentally investigating how the performance of individuals differs between
taxonomic groups will be required to gain a broad understanding of the importance of
carotenoids to animal fitness.
6.5 Conservation implications
Currently, one of the key aims of the CBP established for P. corroboree is to maintain viable
assurance colonies in captivity (OEH NSW, 2012). My findings that carotenoid
supplementation expedited development and improved post-hibernation exercise performance
are expected to increase the performance of P. corroboree in captivity in two ways. First, the
ability to decrease time to metamorphosis is expected to increase the number of individuals
contributing to the sustainability of captive cohorts, which may help managers avoid problems
with attrition and inbreeding in captive populations. Second, increasing post-hibernation
performance is expected to increase the lifetime health and viability of captive individuals.
Arousal and recovery from hibernation can cause substantial oxidative stress (Bagnyukova et
al., 2003), and in P. corroboree, hibernation occurs annually (Osborne, 1991). Thus, hibernating
individuals are likely to accumulate oxidative damage throughout life. The antioxidant
properties of carotenoids are expected to reduce oxidative stress (Rodriguez-Concepcion et al.,
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2018), resulting in individuals that are able to contribute to the long-term maintenance of
captive assurance populations.
A secondary goal of the CBP established for P. corroboree is to provide surplus
individuals for release, with the aim of establishing self-sustaining wild populations (OEH
NSW, 2012, Hunter, personal comms.). Improving the captive nutrition of P. corroboree is
expected to improve reintroduction efforts in several ways. First, expediting the development of
larvae in captivity is expected to have a positive effect on the number of individuals available
for reintroduction, if releases occur shortly after metamorphosis in captivity. This is expected to
help increase the density of wild populations, which will assist with the establishment of selfsustaining populations (Hunter et al., 2018). Furthermore, increasing the number of individuals
available for release will allow threatened species managers to continue to investigate and
develop best-practice release strategies, including the development of disease-free enclosures
(Hunter et al., 2018). Decreasing time to metamorphosis will also provide the opportunity for
individuals to be maintained on adult diets for longer periods prior to release, which is expected
to result in larger frogs and/or frogs in better body condition. Critically, body size is known to
impact the probability of survival post-release (i.e. desiccation tolerance, reduced risk of
starvation), with larger frogs typically having higher survival rates (Cabrera-Guzmán et al.,
2013), with flow on effects that can impact reproductive success in both males (Liao and Lu,
2011, Rausch et al., 2014) and females (Robertson and Höglund, 1987, Camargo et al., 2008).
Additionally, improving the exercise performance of individuals upon release is expected to
improve the likelihood that individuals will survive a predatory attack, or mechanical stress
from trampling (Edmunds, 1974). Improved exercise performance may also influence foraging
efficiency and the ability to find resources (e.g. refuges) upon release (Weimerskirch et al.,
2003).
As made apparent here, supplementing captive diets with carotenoid may be used as a
valuable strategy in the conservation of threatened species that are part of CBPs. Future studies
should now focus on additional ways in which carotenoid supplementation may improve the
performance of threatened anurans in captivity and upon release. For instance, carotenoid
supplementation may also improve the survival of reintroduced individuals by improving their
immunity to deadly pathogens. There is promising new research that suggests supplementation
with dietary carotenoids may mitigate the harmful effects of chytridiomycosis (a disease spread
through Batrachochytrium dendrobatidis infected water, which can cause the sudden death of
anurans) by increasing the abundance of bacteria that fight infection within skin bacterial
communities (Antwis et al., 2014, Edwards et al., 2017). Considering that chytridiomycosis is
now the most detrimental disease ever recorded to biodiversity (Scheele et al., 2019),
understanding how carotenoids may improve the resistance of anuran species to Bd fungus may
help slow the global decline of amphibian biodiversity. Further to this, considering the potential
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for dietary carotenoid supplementation to improve the performance of reintroduced populations,
conservation managers should explore whether supplementary feeding of in situ populations of
P. corroboree with dietary carotenoids can influence the success of reintroduced individuals.
Similar work has been successfully conducted by Ewen and colleagues with New Zealand’s
vulnerable hihi (Notiomystis cincta) (Ewen et al., 2015). It was found that supplementary
feeding of wild populations can improve reproductive success, survival, and fledgling success of
both wild and reintroduced birds (Ewen et al., 2015). Determining whether the positive effects
reported in this study can be translated to other threatened species is an important avenue for
future research.
6.6 Conclusions
The broad aim of my thesis was to investigate the effect of dietary carotenoid supplementation
on the growth, development, and exercise performance of captive reared P. corroboree. I have
demonstrated that the effect of dietary carotenoids on fitness-determining traits may depend on
the target trait examined, the carotenoid class and dose administered, and potentially an
individual’s physiological state, associated with different experimental contexts. Specifically, I
found that carotenoid supplementation improved larval development and adult exercise
performance following hibernation but had no effect on exercise performance in the larval lifestage. As such, my findings suggest that the efficacy of carotenoids relies heavily on a number
of factors, including (and unlikely limited to) carotenoid class and dose, organismal life-stage,
and physiological context. The knowledge gained from this thesis extends our understanding of
the critical role that antioxidants play in vertebrate functioning and highlights the importance of
continuing to test the effects of carotenoids under various experimental conditions.
From a conservation perspective, the results of this thesis have implication for the captive
management of P. corroboree. Improving the viability of individuals in captivity through
dietary carotenoid supplementation is expected to increase the number of individuals
contributing to the sustainment of captive assurance colonies and, in turn, the success of
reintroduction programs. More broadly, the information gained from this thesis highlights the
potential importance of diet and nutrition to the success of amphibian CBPs globally.
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Appendices
Appendix 1. A summary of studies investigating the effect of carotenoid supplementation on the growth and/or development of vertebrate animal taxa.
Taxa
Bird

Species
Grey partridge
(Perdix perdix)

Carotenoid used
β-carotene

Carotenoid dose
Low dose diet: 0.0022 mg g-1
High dose diet: 0.022 mg g-1

Effect
Positive effect on growth.

Reference
Cucco
(2006)

Bird

Blue tits
(Cyanistes
caeruleus)

OroGLO; lutein and
zeaxanthin (20:1)

0.11 mg day-1 for 7 days, then 0.22 mg day-1

No effect.

Larcombe
(2010)

Bird

Common tern
chicks
(Sterna
hirundo)
Mallard ducks
(Anas
platyrhynchos)

OroGLO (lutein and
zeaxanthin), Carophyll
red (canthaxanthin)
and β-carotene
OroGLO; lutein and
zeaxanthin (20:1)

2 mg total carotenoids

No effect.

Benito
(2011)

Low dose diet: 0.003 mg g-1
High dose diet: 0.025 mg g-1

No effect.

Butler and
McGraw
(2012)

Ring-necked
pheasant
(Phasianus
colchicus)
House Wrens
(Troglodytes
aedon)

OroGLO; lutein and
zeaxanthin (20:1)

0.1 mg g-1

No effect of carotenoids alone.
Positive effect on growth when
combined with α-tocopherol.

Orledge
(2012)

Lutein

2008: 0.015 ml day-1
2009: 0.03 ml day-1

No effect.

Sutherland
(2012)

Bird

Bird

Bird
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Bird

Great tits
(Parus major)

Lutein or zeaxanthin

Lutein: 0.0576 mg on day 3, 0.0848 mg on day
5 and 0.1088 on day 7
Zeaxanthin: 0.00216 mg on day 3, 0.00318 mg
on day 5 0.00408 mg on day 7

No effect.

Marri (2014)

Veiled
chameleons
(Chamaeleo
calyptratus)
Amphibian Wyoming toad
(Bufo baxteri)

FloraGLO; lutein
powder

0.85493 mg ml-1 for the first two weeks of
treatment and thereafter 4.8267 mg ml-1

No effect.

McCartney
(2014)

Mixed carotenoids
from spirulina

Unknown

No effect.

Li (2009)

Amphibian Western
clawed frog
(Xenopus
tropicalis)

50% β-carotene and
50% lutein/zeaxanthin

10 mg g-1

Positive effect on larval
development time.
No effect on growth.

Ogilvy and
Preziosi
(2012)

Amphibian Red-eyed tree
frog
(Agalychnis
callidryas)

50% β-carotene and
50% lutein

Larval low dose: 0.1 mg g-1
Larval high dose: 1 mg g-1
Adults low dose: 0 mg g-1
Adults high dose: 0.25 mg g-1

No effect on larval growth.
Positive effect on adult growth
in females.

Ogilvy
(2012)

Amphibian Gray tree frog
(Hyla
versicolor) and
Wood frog
(Lithobates
sylvaticus)

Astaxanthin and lutein

Low dose:1 mg g-1
High dose: 10 mg g-1

Low dose had a negative effect
on gray tree frog development.
High dose had a negative effect
on growth and development of
both frogs.

Cothran
(2015)

Reptile
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Amphibian Northern
Leopard frog
(Lithobates
pipiens)

β-carotene

Low dose: 0.02458 mg g-1
Medium dose: 0.57023 mg g-1
High dose: 0.86514 mg g-1

Positive effect on growth.

Szuroczki
(2016)

Amphibian Southern
Corroboree
frog
(Pseudophryne
corroboree)

Rapashy Superpig;
Astaxanthin, canary
xanthophyll B, αdoradexanthin, canary
xanthophyll A, lutein,
zeaxanthin, 3’Dehydrolutein,
adonirubin,
echinenone,
canthaxanthin,
anhydrolutein, βcryptoxanthin,
lycopene, α-carotene
and β-carotene
β-carotene

0.069530 mg g-1 total carotenoids

No effect.

Byrne and
Silla (2017)

Low dose: 0.1 mg g-1
Medium dose: 1 mg g-1
High dose: 10 mg g-1

No effect of low dose.
Positive effect of medium dose
on growth and development.
Negative effect of high dose on
growth and development.
Positive effect on growth.

Keogh
(2018)

Amphibian Booroolong
frog (Litoria
booroolongensi
s)
Fish

Atlantic salmon
(Salmo salar
L.)

Canthaxanthin or
Astaxanthin

0.03 mg g-1
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Torrissen
(1984)

Fish

Atlantic salmon
(Salmo salar
L.)

Astaxanthin

0.06 mg g-1

Positive effect on growth rate.

Christiansen
(1995)

Fish

Red porgy
(Pagrus
pagrus)

6 mg g-1 astaxanthin, 10 mg g-1 lycopene or 1
mg g-1 β-carotene

No effect.

Chatzifotis
(2005)

Fish

Red porgy
(Pagrus
pagrus)

Exp 1: Astaxanthin
(Naturose),
Exp 2: β-carotene
(Rovimix) or lycopene
(Lyc-O-Mato)
Canthaxanthin or
astaxanthin

Low dose canthaxanthin: 0.04 mg g-1
High dose canthaxanthin: 0.1 mg g-1
Low dose astaxanthin: 0.02 mg g-1
High dose astaxanthin: 0.04 mg g-1

No effect.

Kalinowski
(2005)

Fish

Characin fish
(Hyphessobryc
on callistus)

Astaxanthin or βcarotene

Low dose: 0.01 mg g-1
Medium dose: 0.02 mg g-1
High dose: 0.04 mg g-1

No effect.

Wang (2006)

Fish

Red porgy
(Pagrus
pagrus)

Red carotenoids from
Haematococcus
pluvialis algae (mainly
astaxanthin) or yellow
carotenoids from
Alfalfa and Spirulina
(β-carotene, lutein and
zeaxanthin)
Each was crossed

Alfalfa diet: 0.07 mg g-1
total carotenoids
Spirulina diet: 0.21 mg g-1
total carotenoids
Haematococcus diet: 0.06 mg g-1 total
carotenoids
Haematococcus + alfalfa diet: mg g-1
total carotenoids
Haematococcus + spirulina diet: 0.28 mg g-1
total carotenoids

No effect.

Chatzifotis
(2011)
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Fish

Yellow tail
Spirulina meal
cichlid
(Pseudotropheu
s acei)

Low dose: 2.5% of fish meal weight Medium
dose: 5% of fish meal weight.
High dose: 10% of fish meal weight

Positive effect on growth rate.

Güroy
(2012)

Fish

Olive Flounder
(Paralichthys
olivaceus)

Low dose: 0.1 mg g-1
High dose: 0.2 mg g-1

No effect.

Pham (2014)

Unknown carotenoids
from carophyll pink
and Haematococcus
pluvialis extract
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Appendix 2. A summary of studies investigating the effect of carotenoid supplementation on the exercise performance of vertebrate animal taxa.
Group
Mammal
Mammal
Bird
Bird

Bird

Bird

Species
Sled dogs
(Canis lupus
familiaris)
Wistar rats
(Rattus
norvegicus)
Zebra finch
(Taeniopygia
guttata)
Budgerigar
(Melopsittacus
undulatus)
Budgerigar
(Melopsittacus
undulatus)

American
goldfinch
(Spinus tristis)

Carotenoids used
β-carotene
(supplemented with
vitamin E and C)
ascorbic acid and βcarotene

Carotenoid dose
5.1 mg β-carotene, 457 U Vitamin E, 706 mg
Vitamin C

Effect
No effect.

Reference
Piercy
(2000)

ascorbic acid: 0.06 mg g-1 BW
β-carotene: 0.005 mg g-1 BW

Positive effect on lipid peroxidation.

Wawryzniak
(2013)

OroGLO;
Lutein and zeaxanthin
(20:1)
Nutrivit;
retinol, β-carotene,
lutein and zeaxanthin
(and the vitamin αtocopherol)
Nutrivit;
retinol, β-carotene,
lutein and zeaxanthin
(and the vitamin αtocopherol)

0.025mg ml-1

Positive effect on flight time.

0.000114 -0.0764 mg g-1
EQ: 10% of this diet inclusion by mass
RQ: 1% of this diet inclusion by mass

Positive effect on flight time.

Blount and
Matheson
(2006)
Larcombe
(2008)

Enhanced quality diet: 0.000114 -0.0764 mg g-

Positive effect on stamina.

Arnold
(2010)

High carotenoid diet initially
positively affected vertical flight
performance but then became
detrimental.

Huggins
(2010)

Lutein and zeaxanthin

1

Reduced quality diet:
0.000064-0.00764 mg g-1
EQ: 10% of this diet inclusion by mass
RQ: 1% of this diet inclusion by mass
Low dose:
0.007 mg ml-1 lutein and
0.003 mg ml-1 zeaxanthin
(0.03 mg/day)
High:
0.7 mg ml-1 lutein and
0.3 mg ml-1 zeaxanthin
(3 mg/day)
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Bird

Budgerigar
(Melopsittacus
undulatus)

Frog

Southern
corroboree
frog
(Pseudophryne
corroboree)

Nutrivit;
retinol, β-carotene,
lutein and zeaxanthin
(and the vitamin αtocopherol)
Rapashy Superpig;
Astaxanthin, canary
xanthophyll B, αdoradexanthin, canary
xanthophyll A, lutein,
zeaxanthin, 3’Dehydrolutein,
adonirubin, echinenone,
canthaxanthin,
anhydrolutein, βcryptoxanthin, lycopene,
α-carotene and βcarotene

0.000114 -0.0764 mg g-1
EQ: 10% of this diet inclusion by mass
RQ: 1% of this diet inclusion by mass

Positive effect on flight performance
is exercised males.

Larcombe
(2010)

1.1519 mg g-1 of total carotenoids

Positive effect on endurance.

Silla (2016)
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Appendix 3. Composition of carotenoid diets fed to larval P. corroboree in chapters two and
three.
Dietary
treatment

Carotenoid
class

Cellulose
mass (g)

Fish flake
mass (g)

Total feed
mass (g)

-

Carotenoid Added
type
carotenoid
mass (g)
0.00

Control

0.001

1.00

1.001

Low-dose
β-carotene

Carotene

β-carotene

0.0001

0.0009

1.00

1.001

High-dose
β-carotene

Carotene

β-carotene

0.001

0.00

1.00

1.001

Low-dose
lutein

Xanthophyll Lutein

0.0001

0.0009

1.00

1.001

High-dose
lutein

Xanthophyll Lutein

0.001

0.00

1.00

1.001
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Appendix 4. Composition of the basal diet fed to larval P. corroboree in chapters two and
three.
Component

Mass (mg g-1)

Protein

444

Carbohydrate

280

Ash

109

Fat

85

Moisture

80

Vitamin E

0.0787

Total Carotenoids

0.01454

-β-carotene

0.005466

-Lutein

0.002268

-Astaxanthin

0.000233

Vitamin A

0.00188

Proximate composition analysis of the basal diet using analytical standards: AOAC 18th edition
2005; moisture (950.46), fat (948.15), protein (981.10), and ash (923.03) (Conducted by the
Australian National Measurement Institute). In addition to analysis of vitamin A, vitamin E and
carotenoids using reverse phase high performance liquid chromatography (HPLC) (Conducted
by the Animal Health and Research Centre at Adelaide Zoo).
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